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The clinical problem

The pneumatic tourniquet was introduced by Harvey
Cushing (1904) as an adjunct for extremity surgery
(Klenerman 1962). Severe neurologic injury may be
caused by toumiquet application (Eckhoff 1931,
Moldaver 1954, Bolton and McFarlane 1978, Aho et
al. 1983, Rorabeck and Kennedy 1980, Larsen and
Hommelgaard 1987, Crandall and Weeks 1988,
Lundborg 1989, Kurihara and Goto 1990). The
incidence of severe nerve palsy following tourniquet
application was 0.13% and 0.01% in retrospective
studies by Flatt (1972) and Middleton and Varian
(1974), respectively. Histologic changes following
skeletal muscle ischemia have been described by many
authors (Table I).

However, other forms of neuromuscular injury may
be caused by routine tourniquet use (Love 1978). The
“post-tourniquet syndrome” (Bruner 1951) is com-
prised of weakness, stiffness, edema, dysaesthesia, and
pain following operation in a bloodless field.
Clinicians may attribute such symptoms and signs to
surgical trauma or to poor patient motivation if they do
not suspect injury related to tourniquet application
(Love 1978).

Electromyographic (EMG) abnormalities occurred
in 72% (Weingarden et al. 1979) and 63% (Saunders et

al. 1979) of patients following routine surgery using
pneumatic tourniquets. Subsequent randomized, pro-
spective studies demonstrated EMG abnormalities in
70% of lower extremity surgeries (Dobner and Nitz
1982) and in 77% of upper extremity surgeries (Nitz
and Dobner 1989) performed with a tourniquet,
compared to incidences of 0.0% and 3.4% following
similar cases performed without a tourniquet. Such
abnormalities are associated with decreased post-
operative function, and longer clinical recovery time
(Weingarden et al. 1979, Saunders et al. 1979, Krebs
1989). EMG changes persist up to six months after
tourniquet application (Weingarden et al. 1979,
Saunders et al. 1979, Dobner and Nitz 1982, Nitz and
Dobner 1989). Elevation of serum myoglobin
(Jorgensen 1987, Laurence and Norris 1988) and
rhabdomyolysis (Shenton et al. 1990) may be asso-
ciated with tourniquet application in humans. Sherman
et al. (1986), found that a tourniquet time greater than
sixty minutes correlated with  post-operative
complications after knee arthroscopy.

The ‘*safe” duration of tourniquet ischemia is
controversial, and time limits of one hour (Bruner
1951, Bruner 1970, Chiu et al. 1976, Sanders 1973),
one and a quarter hours (Rorabeck 1980), one and a

Table 1. Previous reports on histologic changes following skeletal muscle ischemia

Ischemic  Interval to Observations
duration biopsy
{hours)

0.5 0-6 hours inflammatory reaction, mild edema, minimal degeneration Dahlbéck and Rais 1966
0.5 2 hours Mast cell degranulation, areas of no-reflow Strock and Majno 1963b
1 ~24 hours Granular degeneration Heppenstall et al. 1979
1 -5 days Edema, fiber degeneration Sjdstrdm et al. 1982
1.5 10 min Endothelial swelling and ultrastructural degeneration Gididf et al. 1988
2 4 hours Dilatation of sarcoplasmic reticuium and T tubules Harris et al. 1986
2 ~21 days Acute inflammation, edema - Sanderson et al. 1975
2 -226 days Mitochondrial swelling, glycogen depletion Makitie and Teréiviinen 1977
25 0.1-5 hours Generalized no-reflow, scattered necrosis Strock and Majno 1969b
25 1-21 days Fiber degeneration, inflammation ’ Jennische 1986
3 16—-18 hours Mitochondrial swelling and internal disorganization Heppenstall et al. 1986
3 1-7 days Mitochondrial degeneratior i Pafterson and Kignerman 1979
3 7 days Mitochondrial swelling, dilatation of sarcoplasmic reticulum Tountas and Bergmann 1977
3 —~226 days Caplilary degeneration, motor end-plate degeneration Makitie 1977, Makitie and YerAvainen 1977
4 4 hours Mitochondrial swelling and degeneration, calcium deposition Labbe et al. 1988
4 5 hours Calcification, no-reflow Jennische and Hansson 1986
4 -30 days Necrosis Harman 1948
6 4 hours Myofibrillar edema, mitochondrial swelling, sarcolemmal disruption Blebea et al. 1987
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half hours (Heppenstall et al. 1979, Sapega et al. 1985),
two hours (Wilgis 1971), and three hours (Enger 1977,
Klenerman 1980, Klenerman et al. 1982, Patterson and
Klenerman 1979, Patterson et al. 1981, Tountas and
Bergman 1977) have been suggested. Reperfusion (ie.,
rebreathing) intervals are recommended to extend the
duration of tourniquet hemostasis (Bruner 1951,
Bunnell 1956, Wilgis 1971, Chiu et al. 1976,
Heppenstall et al. 1979, Nakahara 1984, Newman
1984, Sapega et al. 1985). Such recommendations are
generally based upon studies of ischemic muscle injury
distal to a tourniquet. To date, there are no experi-
mental studies of effects of reperfusion intervals upon
muscle injury beneath the pneumatic tourniquet.

Nerve injury tends to be greater beneath the
tourniquet than distal to it, due to the combined effects
of ischemia and direct mechanical deformation
(Denny-Brown and Brenner 1944, Moldaver 1954,
Lundborg 1970, Fowler et al. 1972, Ochoa et al. 1972,
Rudge 1974, Bolton and McFarlane 1978, Rorabeck
1980, Rorabeck and Kennedy 1980, Hurst et al. 1981,
Yates et al. 1981, Nitz 1982, Nitz et al. 1989).
Relatively little information is available regarding
critical pressure and time limits for muscle injury
induced by pneumatic tourniquet compression
(Patterson and Klenerman 1979, Patterson et al. 1981,
Gersoff et al. 1989).

Various authors recommend use of lower tourniquet
inflation pressures. Cuff pressure may be based upon
the patient’s systolic blood pressure (Klenerman and
Hulands 1979, Klenerman 1980, McLaren and

Rorabeck 1985), limb circumference (Van Roeckel and
Thurston 1985, Moore et al. 1987, Crenshaw et al.
1988), or by direct measurement of the minimum
necessary inflation pressure to occlude distal pulsatile
flow (Reid et al. 1983). Wider cuffs decrease the
minimum necessary inflation pressure compared to the
narrower tourniquets (Muirhead and Newman 1987,
Hargens et al. 1987, Moore et al. 1987, Crenshaw et al.
1988). A double tourniquet technique, with continuous
ischemia induced by alternate inflation of adjacent
cuffs at hourly intervals, may decrease tourniquet
compression injury (Neimkin and Smith 1983,
Dreyfuss and Smith 1988). Extremity cooling may
decrease metabolic demand during prolonged
tourniquet hemostasis (Paletta et al. 1960, Bruner 1970,
Nakahara 1984, Tkemoto et al. 1988).

AIMS OF THE INVESTIGATION

The experiments reviewed here were designed to study,
in the rabbit, effects of tourniquet pressure and duration
on neuromuscular morphology, metabolism, and
function. To this end a tourniquet model was designed
to permit studies of tissues beneath and distal to a cuff
inflated continuously or with reperfusion intervals.
With this background, clinical experiments were
performed in volunteers and in patients undergoing
limb surgery. Cuffs of different shapes and widths were
studied with respect to effects on arterial occlusion
pressure.
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Rabbit experiments

Materials and general methods

New Zealand White rabbits (n = 170), unselected for
sex, weighing 2.4 to 4.2 kg were used. Study protocols
were approved by the Animal Use Committee of the
Veterans Administration Medical Center, San Diego.
Animals were anesthetized prior to and during all
experimental procedures, including shaving, tour-
niquet compression, infravenous injection, systemic
circulation periods, and neurophysiologic testing.
Anesthesia consisted of subcutaneous injection of
ketamine (50 mg/kg body weight [bw]), rompum (5
mg/kg bw), and acepromazine (1 mg/kg bw), with
supplemental cocktail given as needed. Both hindlimbs
were shaved prior to tourniquet application in all
studies. Animals were killed by an overdose of
intravenous barbiturate.

Straight cuff

Curved cuff

Curved cuff with shell

Curved Cuff
Exterior Shell

The tourniquet mode!

Optimal cuff fit was achieved with a curved tourniquet
(ie., banana-shaped, radins of curvature 19 cm) based
upon a plaster of paris replica of a rabbit hindlimb.
Straight (ie., standard) and curved tourniquets were
heat-pressed from pre-fabricated cuffs (Pedisphyg,
Upper Montclair, New Jersey, USA). Durable vinyl
cuffs (Zimmer Aspen Labs, Aspen, Colorado, USA)
were used in later studies. To minimize transverse
deformation during cuff inflation, a stiff, two piece
shell was designed to fit around the tourniquet without
causing direct limb compression. The posterior half of
the shell fit inside the anterior half, with overlap of the
two surfaces, and the pieces were stabilized with tape.
This shell also limited distal displacement during cuff
inflation (Figure 1).

Cross Section
Deflated Inflated
Femur
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Cuff
Straight Cuff
Deflated Inflated
™
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Curved Cuff

Figure 1. Tourniquet cuffs
used on the rabbit thigh.
[Reproduced with permission,
Pedowitz et al. 1990].
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A. CT image of a rabbit [Reproduced with permission, Pedowitz et al. 1990).

Figure 2. The thigh during tourniquet inftation.

Transverse, computerized tomographic (CT) images
were made prior to and during curved cuff inflation to
300 mmHg, with and without the stiff exterior shell.
Prior to tourniquet inflation, the ratio of the maximum
antero-posterior (AP) to medial-lateral (ML) dimen-
sions under the mid-position of the cuff was 1.64. This
ratio decreased to 1.17 (a more circular shape) during
inflation of a curved cuff alone, and returned to 1.61
after addition of a stiff exterior shell. Smooth contours
were not observed at the interface of the tourniquet and
the skin during cuff inflation; asymmetrical skin
ridging produced a “stellate” cross-sectional appear-
ance (Figure 2).

For correlative purposes, magnetic resonance (MR)
imaging was performed using a standard operating
room tourniquet (8 cm wide, straight cuff) inflated to
200 mmHg on a human thigh. Transverse and coronal
MR images of a human thigh demonstrated marked
tissue deformation, particularly at the proximal and
distal edges of the cuff, with a stellate pattern beneath
the inflated tourniquet (Figure 2). Image volume
decreased from 1472 cc at baseline to 1179 cc after cuff
inflation (3-dimensional reconstructions, CEMAX,
San Mateo, California, USA).

Pressure measurements

The cuff pressure required to stop the blood flow
(arterial occlusion pressure, AOP) within the tibialis
posterior artery was assessed with four tourniquet
configurations on rabbit thighs. These configurations
consisted of combinations of either a 3 cm wide
straight cuff or a 3 cm wide curved cuff, with or

B. MR image of a human subject.

without a stiff exterior shell. The cuff was slowly
inflated while recording simultaneously tourniquet
inflation pressure and arterial pressure on a chart
recorder. The AOP was defined as the minimum
tourniquet inflation pressure which eliminated pulsatile
arterial flow (mean of three measurements).

In seven rabbits, mean arterial blood pressure was 55
(46-62) mmHg, mean systolic blood pressure was 76
(62-88) mmHg, and mean diastolic blood pressure was
49 (42-57) mmHg. There were substantial effects both
of cuff shape and of exterior shell application upon
AOP (P < 0.05, 2-way ANOVA, interaction term not
significant). AOP with the curved tourniquet/shell
configuration (mean 67 mmHg) was lower than with
the straight cuff/no shell configuration (P = 0.002).

Tissue pressure was recorded beneath the 3 cm wide
curved tourniquet with a stiff exterior shell. Calibrated,
transducer-tipped pressure catheters 1.37 mm in
diameter (PC-340, Millar, Houston, Texas, USA) were
positioned in the anterior subcutaneous tissue and in
the deep tissue near the sciatic nerve of rabbit thighs.
After cuff inflation to 350 mmHg, the catheters were
pulled distally at 5 mm intervals while simultaneously
recording the tissue pressures on a chart recorder.

Tissue pressure distribution was relatively uniform
in the sagittal plane, and maximum pressure was
induced under the longitudinal mid-position of the
curved tourniquet and exterior shell (Figure 3).
Pressures were lower near the sciatic nerve than in the
anterior thigh at positions 15, 20, and 25 mm from the
proximal cuff edge (paired t-tests, P < 0.05). The mean
pressure recorded with the non-infusion slit catheter
under the midposition of the cuff was 80 mmHg.
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Figure 3. Tissue pressure distribution beneath the tourniquet in
rabbits {proximal thigh at —30, distal leg at +50 on x axis).
[Reproduced with permission, Pedowitz et al. 1990]

Tourniquet application protocol

Rabbits were supine with hips, knees, and ankles in
neutral positions. The feet were restrained gently in
clamps, and a curved tourniquet and a stiff exterior
shell were positioned on the thigh and secured with
tape. Venous exsanguination by limb elevation was
allowed for at least five minutes prior to cuff inflation.
Elastic wraps were not used due to the risk of
uncontrolled tissue trauma.

Tourniquets were inflated using either a manual cuff
inflator (Automatic low pressure tourniquet, Stille-
Werner, Stockholm, Sweden) or a digital tourniquet
inflator (ATS 1000, Zimmer Aspen Labs, Aspen, CO,
USA). Compression at 1000 mmHg was controlled
manually using a calibrated, compressed air source.
Cuff inflation was completed in one to five seconds.

Cuff inflation at 125 mmHg (2- or 3-cm curved cuffs
with shell), induced surgical hemostasis, defined as
lack of punctate bleeding with skin incision at the ankle
(pilot studies). Arterial occlusion was reflected by
absence of palpable pulsation and coolness of the distal
extremity. Distal pulsation was palpated within two
minutes after tourniquet deflation in all cases. Animals
were returned to routine cage activity after recovery
from anesthesia. .

Effects of cuff pressure and duration on
muscle

Protocol: 63 rabbits were assigned to one of nine
compression protocols (3-cm cuff), defined by a

combination of one of three cuff inflation pressures
(125, 200, or 350 mmHg) and one of three tourniquet
times (1, 2, or 4 hours). Approximately forty-five hours
after tourniquet application, animals were injected
intravenously with a combination of 2.0 cc of
99miechnetium pyrophosphate (Tc-99) solution (1.0
millicurie/1 cc normal saline) and 4.0 cc of Evans blue
solution (1 gm/100 cc normal saline). Rabbits were
suspended in slings for three hours to ensure uniform
distribution of the injectate and then killed.

Muscle samples (0.2 to 1.2 gm) were taken from the
medial thigh (semimembranosus/semitendinosus, 3
samples), lateral thigh (biceps femoris, 3 samples), and
anterior leg (tibialis anterior/extensor digitorum, 4
samples) of both limbs. Separate muscle samples were
fixed in formaldehyde, embedded in paraffin, cut into
ten micron cross sections, and stained with hema-
toxylin and eosin. Thigh muscle samples were taken
from the mid-position of the zone of tourniquet
compression, and leg muscle samples were distal to
this zone. Samples were weighed, and gamma radiation
for each muscle sample was counted. The percent
injected dose of Tc-99 per gram of tissue sample (Tc-99
uptake) for each sample was determined and mean Tc-
99 uptake for the thigh and leg regions was calculated
(regional uptake). Regional uptake in the experimental
limb was divided by regional uptake in the control limb
(uptake ratio).

Data transformation, analysis, and presentation were
performed according to recommendations for ratio type
data (Sokal and Rohlf 1981). One-way t-tests were
used to assess increased regional uptake compared to
control. The Bonferroni approximation adjusted the
critical p value when a priori multiple #-tests (Dixon
1988) were performed after analysis of variance
(ANOVA). Statistical significance was considered
when P < 0.05.

Observations: Evans blue discoloration localized the
region of tourniquet application in thigh muscles after
two and four hours of continuous compression, but
extravasation was not observed after one hour of
compression. Discoloration was not uniform within the
thigh in some limbs following four hours of
compression. Cross section of these muscles
demonstrated a central whitish area surrounded by an
intensely blue rim of tissue. In contrast, minimal blue
discoloration was noted in ischemic leg muscles of any
experimental group, and .extravasation was not
observed in control limbs.

The Tc-99 uptake ratios were increased in the thigh
and leg regions of all experimental groups. There were
no differences in Tc-99 uptake between the thigh and
leg regions following one hour of tourniquet
application, or after two hours of 125 mmHg tourniquet
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Table 2. Mean Tc-99 uptake ratios after continuous tourniquet
application in rabbits (n = 7 per group)

Tourniquet pressure (mmHg)

125 200 350
Duration Thigh Leg  Thigh Leg Thigh Leg
One hour
Mean 16 13 1.5 13 16 1.6
95% upperCl2 19 1.8 20 15 28 1.8
95% lower Cl 13 1.1 1.3 1.2 12 14
Two hours
Mean 1.8 18 53" 20 8.7"*

1.4
95%upperCl 27 25 274 29 831 19
95% lower Cl 14 14 24 15 33 11

Four hours
Mean 30.2** 1.4 62328 420" 1.7
95%upperCI 382 21 1000 85 70.7 23
95% lower CI 245 1.1 426 15 278 14

2C! confidence interval
*p < 0.05, **p < 0.01, paired t-ests, thigh versus leg.

compression. Thigh uptake was greater than leg uptake
following two hours of continuous compression with
either 200 or 350 mmHg cuff inflation pressure (paired
t-tests). Regional uptake was greater in thighs than in
legs of all groups subjected to four hours of continuous
tourniquet inflation (Table 2). Tc-99 uptake in the thigh
region was effected both by tourniquet time and cuff
inflation pressure, with interaction of the variables (2-
way ANOVA). Tc-99 uptake in the leg region was
effected by tourniquet time, but was not effected by
cuff inflation pressure (Table 2).

Histologic abnormalities were more severe in
compressed than in ischemic muscles. Few pathologic
findings were observed in either thigh or leg muscles
following one hour of tourniquet application.

Relatively few abnormalities were observed in thigh
muscles subjected to a two hour, 125 mmHg
tourniquet, compared to the marked changes caused by
a two hour, 350 mmHg tourniquet (p. 8).

In thigh muscles compressed for four hours,
common findings were altered fiber staining intensity,
fiber size variation, increased extracellular space, fiber
splitting, hyaline degeneration, cellular infiltration, and
focal and regional necrosis. A consistent finding was
that necrosis predominated in the central portion of the
fascicles. Some thigh muscles had a general loss of
fascicular architecture associated with an intense
inflammatory response. There was striking variability
of focal and regional necrosis within the same muscle
and within a given fascicle, with necrotic fibers
adjacent to fibers of generally normal appearance
(Figure 4).

Leg muscles had a different injury pattern following
four hours of tourniquet ischemia. Scattered focal fiber
necrosis with local cellular infiltration was observed in
some of these specimens; regional necrosis was rarely
observed. The most common findings were variable
fiber staining intensity, splitted or pycnotic fibers,
internal nuclei, and a widened interfascicular space
with increased numbers of inflammatory cells (Figure
5). In some leg muscles subjected to four hours of
ischemia, few histologic abnormalities were observed.

Effects of reperfusion intervals

Protocol: Fifty-eight rabbits were subjected to a total
of either two or four hours of compression with a 2 cm
wide cuff. In the four-hour studies, the rabbits were
assigned to either 125 or 350 mmHg pressure, with (A)
tourniquets inflated continuously, (B) a ten minute
reperfusion interval after two hours, or (C) ten minute

. - s §
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Figure 4. Rabbit thigh muscle after 4 hours of continuous, 350 mmHg cuff pressure. Asterisk in (A} indicates enlarged area (B).
Magnification 4x ane-10x. [Reproduced with permission, Pedowitz et al. 1991a]
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Figure 5. An extreme example of ischemic rabbit leg muscie following four hours of continuous ischemia induced by 350 mmHg
tourniquet. Asterisk in (A) indicates enlarged area (B). Magnification 4x and 10x. [Reproduced with permission, Pedowitz et al. 1991a)

reperfusion intervals after each hour of cuff inflation.
In the two-hour studies, 350 mmHg cuff pressure was
applied with (D) tourniquets inflated continuously, or
(E) a ten minute reperfusion interval after one hour. Tc-
99 uptake was assessed 2 days after tourniquet
application.

Preliminary analysis demonstrated variability (ie.,
bimodal distribution) of Tc-99 uptake ratios in the
thigh region of the four hour, 125 mmHg, one
reperfusion interval group. A similar phenomenon,
with nearly identical mean Tc-99 uptake, was observed
when this group was repeated. All twelve animals were
included in the study because these data suggested a
physiologic threshold effect, ie., either mild or severe
injury with the same compression protocol.

Observations: Regional uptake ratios were increased
in the thigh and leg of ail experimental groups (Table

Table 3. Mean Tc-39 uptake ratios after four hours tourniquet
application in rabbits, with and without ten minutes reper-
fusion intervals

3). Regional uptake was greater in the thigh than in the
leg of all groups following a total of four hours of
tourniquet inflation. Continuous cuff inflation for two
hours at 350 mmHg induced greater Tc-99 uptake in
the thigh than in the leg. There was no difference
between thigh and leg uptake when a ten minute
reperfusion interval was allowed during two hours of
cuff inflation (Table 4).

Regional uptake in the thigh was effected by cuff
pressure and by reperfusion protocol,-with interaction
of the variables. In these studies, uptake in the leg was
effected by proximal tourniquet pressure, but not by
reperfusion protocol. With a two hour tourniquet
duration, there were differences in uptake between the
two reperfusion protocol groups in both the thigh and
leg regions.

Table 4. Mean Tc-99 uptake ratios after two hours tourniquet
application in rabbits, with and without ten minutes reper-
fusion intervals

Continuous  Reperfusion Reperfusion Continuous  Reperfusion
comprassion  after2h  after each hour compression  after one hour
Pressure Thigh Leg  Thigh Leg Thigh Leg Pressure Thigh Leg  Thigh Leg
125 mmHg 350 mmHg "
Mean 400 15 6.6° 1.4° 39 15 Mean 37 1.2 1.7 14
95% upper Cl2. 63.3 24 16.7 1.7 64 1.7 95% upper Cla 1.7 13 25 16
95%lowerCl 275 1.2 37 1.2 27 13 95% lower C| 20 1.v 13 13
350 mmHg aCl confidence interval
Mean 400 27 722 34 176 16
95% upper CI  63.3 10.8 910 11.7 55.1 5.0
95%lowerCl 249 1.4 586 1.8 8.7 11

2C) confidence interval
bn = 12 in this group; n = 6 in all other groups



Acta Orthop Scand (Suppl 245) 1991; 62

Enzyme- and immuno-histochemical
analysis of injured muscle

Protocol:” Ten animals underwent two hours of
unilateral tourniquet application (3 cm wide curved
tourniquet with shell) at either 125 or 350 mmHg. Two
days later bilateral muscle samples from the thigh and
leg were frozen in melting isopentane, and stored at
—70 °C.

Serial (7-10y) sections were stained with alizarin
red, for NADH activity, and for myofibrillar ATPase

activity after preincubation at pH 10.3, 4.6, and 4.3
(Dubowitz 1985). Specimens with regional fiber
necrosis were stained for phosphorylase activity
(Dubowitz 1985), and with antibodies against neonatal
myosin heavy chain (Butler-Browne and Whalen 1984)
and against the intermediate filament vimentin
(Lazarides 1982). Antibody binding was visualized by
the indirect peroxidase-antiperoxidase technique

(Dakopatts, Copenhagen, Denmark).
Areas of regional fiber necrosis (absent ATPase 10.3
activity or intense non- specific neonatal myosin

Figure 6. Topographic injury pattern, with necrosis at the center of fascicles or at the intersection of several fascicles, in
semimembranosus muscle after two hour, 350 mmHg tourniguet. (A,B,C) ATPase 10.3; (D) ATPase 4.6; (E) ATPase 4.3; (F) NADH
stain. Framed areas in (A) and (B) are enlarged areas in (B) and (C), respectively. Magnification: (A) 1x, (B,D-F) 4x, (C) 10x.
[Reproduced with permission, Pedowitz et al. 1992a]
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staining) were determined using an image analysis
system (VIDAS, Kohtron, Eching Munich, Germany),
and were expressed as a percentage of the total cross
sectional area (CSA). Muscle fibers were typed using a
modification of the classification described by Staron
and Pette (1986). Quantitative morphometric param-
eters for approximately 13,000 fibers will be presented
separately (Fridén et al. 1991).

Observations: Four of ten thigh muscle samples
from the two hour, 350 mmHg tourniquet group
demonstrated regional necrosis. Measurements of
regional necrosis were similar using the ATPase 10.3
stain and neonatal myosin stain (mean 38 and 37
percent of CSA, respectively). None of the thigh
muscles from the two hour, 125 mmHg toumniquet
group demonstrated regional necrosis.

Figure 7. Necrotic region of semi-
membranosus muscle after two hour,
350 mmHg tourniquet demonstrating
(A) tissue calcification (alizarin red)
and increased number of nuclei
(toluidine blue counterstain), (B)
hyaline degeneration associated with
non-specific NN5 antibody binding,
(C) absence of phosphorylase
activity, and (D) an intense inflam-
matory response associated with
specific vimentin antibody binding.
Magnification 4x. [Reproduced with
permission, Pedowitz et al. 1892a]

A striking topographic pattern of regional necrosis
was observed; necrotic areas tended to occur within the
center of fascicles or at the intersection of several
fascicles. (Figure 6). Relatively normal fibers were
noted at the perimeters of these regions, and some
adjacent fascicles had a relatively normal appearance.
Various degrees of hyaline degeneration and loss of
fiber architecture with an intense inflammatory
response were observed within the necrotic regions.
Cellular infiltration and tissue calcification tended to
be uniform from the center to the periphery of these
necrotic regions (Figure 7).

Scattered focal fiber necrosis was noted in some
thigh muscles without regional necrosis. Mild
increases in the intra- and inter-fascicular space were
associated with focal and perifascicular cellular
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infiltration. Very large and rounded fibers, with altered
staining intensities and whorled intracellular patterns,
were noted in several of the compressed biceps
muscles. These swollen fibers were uniformly clas-
sified as Type IIB. Minor histologic abnormalities were
observed in some thigh muscles after two hours of
tourniquet compression, particularly with 125 mmHg
pressure.

Regional necrosis was not observed in the leg
muscles following two hours of ischemia. These
muscles had a slight increase in the number of cells in
the perifascicular space, although occasional focal
fiber necrosis was observed. There were no obvious
differences in the severity of findings between the two
tourniquet pressure groups or between the tibialis
anterior and soleus muscles.

Pressure effects on nerve function and
structure

Protocol: A 3-cm-wide curved tourniquet with shell
was inflated for two hours at either 350 or 1000 mmHg
on one hindlimb of 24 rabbits. Nerve function was
assessed either one hour, one day, or two days after 350
mmHg tourniquet compression, and two days after
1000 mmHg compression. The toe-spreading reflex
was evaluated by holding the loose skin of the neck and
suddenly lowering the animal toward the ground
(Lundborg 1970). The reflex was not assessed one hour
after compression due to continuous anesthesia.

Nerve conduction was assessed first in the
experimental limb in animals tested one hour after
tourniquet application; the testing order was
randomized in the other animals. The sciatic and tibial
nerves were exposed in continuity using loupes, and
the peroneal nerve was divided. Compound motor
action potentials (CMAP) were recorded from the
abductor hallucis muscle with a Cadwell 5200
electrodiagnostic device (Cadwell Labs, Kennewick,
WA, USA) which triggered a Grass SD9 stimulator.
Supramaximal stimuli were administered to the nerve
surface with a platinum electrode. CMAP amplitudes
and latencies were measured using the computerized
oscilloscope markers. Nerve conduction velocities
(NCV) were determined for segments of sciatic and
tibial nerve.

Four specific stimulation sites were chosen with
respect to the presumptive region of tourniquet
application. The distal thigh stimulation site was
identified where the tibial nerve passed between the
two heads of the gastrocnemius muscle. The nerve was
stimulated at the proximal, middle, and distal cuff

zones, and distal to the tourniquet. Two sets of serial
CMAP recordings were made with nerve stimulation at
approximately 5 mm intervals from the proximal thigh
to the distal leg.

CMAP amplitudes at each stimulation site were
expressed as a percentage of CMAP amplitude with
distal tibial nerve stimulation to allow comparisons
between groups (Gilliatt 1980). CMAP amplitude in
the control nerves decreased gradually with more
proximal stimulation. Rough estimates of CMAP area
suggested effects of temporal dispersion with longer
conduction distance. Therefore, CMAP amplitude in
the experimental limb was expressed as a percentage of
the mean normalized CMAP amplitude for the
corresponding stimulation site in the control limbs.

The sciatic and tibial nerves were fixed at in-situ
length in Karnovsky’s solution, and 3 to 6 mm
segments were cut from tissue beneath the tourniquet,
at the distal cuff zone, and distal to the tourniquet. Non-
compressed, sciatic nerve were taken as controls.
Specimens were rinsed in cacodylate buffer, post-fixed
in 1% osmium tetroxide, dehydrated in ethanol
solutions, rinsed with propylene oxide, and infiltrated
with Epon. One micron thick sections were stained
with Richardsson’s solution. Nerve fiber disruption
was rated by a single unbiased observer, and was
defined as myelin disruption and/or the presence of
myelin ovoids. Light microscopic abnormalities were
assessed for the entire area of tissue sample, and the
degree of damage was rated as either: none; mild—1 to
3 fibers; moderate—up to 25% fibers; or severe—
greater than 25% fibers. Ultrathin sections were
collected on copper grids, stained with uranyl acetate,
and examined in an electron microscope.

Observations: Ratings of the toe-spread reflex were
identical in the groups examined one and two days after
two hours of 350 mmHg inflation: two-thirds of the
compressed limbs had decreased toe-spread, and one-
third had absence of the reflex. Toe-spread was absent
in all of the limbs subjected to 1000 mmHg pressure.
Lack of ankle dorsiflexion was observed in most limbs
with absent toe-spreading. The toe- spread reflex was
normal in all of the control limbs.

Neurophysiology. Nerve conduction velocity (NCV)
was decreased in the compressed thigh region in all

‘groups tested after 350 mmHg compression. Complete

conduction block at the thigh was observed in all
animals after 1000 mmHg compression. NCV was
decreased in the leg region one hour after a 350 mmHg
tourniquet, but not after one or two days. NCV was
markedly decreased in the leg two days after 1000
mmHg application (Table 5).

CMAP amplitudes elicited at the proximal and
middle thigh stimulation sites were decreased one hour
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Table 5. Nerve conduction velocity after tourniquet com-
pression for two hours, m/s, mean SEM

Pressure Thigh Leg
350 mmHg
1 Hour 35 48" 41 42"
1 Day 50 53° 5t 3.1
2 Days 52 33 51 47
1000 mm Hg
2 Days 0 0 42 20"
Controls 59 1.3 52 1.5
*p < 0.05 versus control
**p < 0.005 versus control

after 350 mmHg tourniquet compression, but returned
to greater than 90% of control values one day later.
Two days after 1000 mmHg, CMAPs could not be
elicited from the proximal thigh. CMAP amplitude
with distal thigh stimulation was lower than in animals
tested two days after a 350 mmHg tourniquet.

Focal transition from no conduction to measurable
conduction was observed in all nerves subjected to
1000 mmHg cuff pressure. Marked changes in CMAP
amplitude were also noted between adjacent
stimulation sites in some nerves following 350 mmHg
compression. This transition was located at a
transversely-oriented neurovascular bundle in three
animals, and at the bifurcation of the gastrocnemius
fascia in two animals. Sigmoid-shaped CMAP
amplitude curves were observed for the groups tested
one hour after 350 mmHg compression and two days
after 1000 mmHg compression; the greatest changes
were noted in the region of the distal cuff margin
(Figure 8).

Light microscopy. Few light microscopic abnormal-
ities were observed beneath or distal to the cuff two
days after 350 mmHg tourniquet application. Moderate
fiber damage was observed in one specimen from
beneath the tourniquet; abnormalities in the other
specimens were graded as either absent or mild. The
nodes of Ranvier were easy to discern in longitudinal
sections, and were generally normal in appearance.
Myelin ovoids were occasionally observed in the non-
compressed, control limbs.

Marked histologic abnormalities were observed after
1000 mmHg tourniquet application, and these changes
were most severe in the distal cuff zone. Tearing of
myelin sheaths was the dominant histologic finding,
and few myelin ovoids were observed. The nodes of
Ranvier were extremely difficult to identify, and
myelin invagination (Ochoa et al. 1972) was not
observed (Figure 9). In the tibial nerves, fiber damage
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Figure 8. Normalized CMAP amplitudes recorded from abductor
hallucis muscle with sequential stimulation along the sciatic
nerve (proximal towards the left) and tibial nerve (distal towards
the right). Marked changes in CMAP amplitude were noted at the
distal cuff margin (position 0) one hour after 350 mmHg
compression and two days after 1000 mmHg compression.
[Reproduced with permission, Pedowitz et al. 1991b]

tended to be more severe in the 1000 mmHg group than
in the 350 mmHg group.

Epineurial infiltration of fibroblasts, granulocytes,
and macrophages was noted in nerves compressed at
1000 mmHg. These changes tended to be more
pronounced beneath than distal to the cuff. An
endoneurial inflammatory response was not observed
in these sections. The epineurial inflammatory
response was less severe in nerves compressed at 350
mmHg.

Electron microscopy. Occasional, scattered degen-
erated axons, with floccular axoplasm devoid of
organelles and intra-axonal membranous profiles, were
observed beneath and distal to the 350 mmHg
tourniquet. Some of these fibers had disintegrating
myelin, while others had normal appearing myelin
sheaths. Myelin tearing or deformation was not
observed in nerve fibers with intact axons.
Degeneration predominated in larger myelinated fibers
and tended to be located in the periphery of the
fascicles. Unmyelinated nerve fibers appeared
undamaged. One single degenerating myelinated fiber
was observed in the contralateral control sections.

Dramatic splitting, tearing, and displacement of
myelin sheaths was observed frequently after 1000
mmHg tourniquet compression (Figure 10). The axons
were well preserved in the majority of these fibers,
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Figure 9. Two days after 2 hour tourniquet. Longitudinal sections of nerve at the distal cuff edge (Bar = 50 microns).

a. 1000 mm Hg cuff pressure—Tearing and displacement of myelin sheaths reflected by irregular thickness and discontinuities in
myelinated fibers {arrows). Normal nodes of Ranvier are not seen.

b. 350 mm Hg cuff pressure —Scattered myelin ovoids (arrows) indicate nerve damage, but myelin tearing is not present. Several
nodes of Ranvier are seen (arrow-heads).

c. Contralateral control—Notice normal nodes of Ranvier (arrow-heads). [Reproduced with permission, Pedowitz et al. 1991b]
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Figure 10. Two days after 2 hour, 1000 mmHg tourniquet.

a. Cross section distal to cuff. The structure of small and medium-sized myelinated fibers was generally well preserved in both the
compressed and ischemic zones (Bar = 1.2 microns).

b. Cross section under the cuff. Torn and deformed myelin sheaths were observed under the cuff and at the distal cuff edge. The axons
occasionally seemed compressed, however they appeared intact (arrow) in the majority of cases (Bar = 2.1 microns).

c. Cross section distal to cuff. Myelinated fiber with floccular axoplasm which is devoid of organelles but has some membranous
profiles. The myelin sheath is loose, but intact (Bar = 2.9 microns). ’

d. Cross section distal to cuff. Marginal myelinated fiber (arrow) undergoing Wallerian degeneration (Bar = 10.3 microns). [Reproduced
with permission, Pedowitz et al. 1991b] ’
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however axonal degeneration was observed in some of
these myelin-damaged fibers. Axonal degeneration
was also noted within several fibers having undamaged
myelin. The nodes of Ranvier were difficult to identify,
and distinct myelin invagination was not observed.
Degeneration predominated in the larger fibers, while
unmyelinated fibers appeared unaffected. Fiber
damage was evenly distributed within the fascicles.

Myelin tearing or displacement was not observed in
nerves distal to the 1000 mmHg cuff. Some axonal
degeneration was observed predominantly in the larger
myelinated fibers, however most of these nerve fibers
were structurally intact. Distal nerve fiber damage was
more common and of greater severity after 1000
mmHg than after 350 mmHg tourniquet application.
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Clinical studies of cuff design

The human study included 26 normal volunteers (10
male, 16 female), mean age 28 (15-43) years, and 60
patients (57 male, 3 female), mean age 48 (23-79)
years. Study protocols were approved by the Human
Subjects Committee of the University of California,
San Diego and the Veterans Administration Medical
Center, San Diego. Limb circumference was measured
at the longitudinal midposition of the tourniquets in the
supine position. Tourniquets were applied directly to
the limb in the volunteer studies; cotton padding was
used in the patient studies, according to the preference
of the surgeon.

Volunteer studies—comparison of straight and
curved cuffs on thighs: An 8-cm-wide straight and an
8-cm-wide curved tourniquet (radius of curvature of
132 ¢m, Zimmer Aspen Labs) were applied in random
order to the right thigh of 14 subjects. An audible
Doppler flow meter was positioned over the posterior
tibial artery. A pulse oximeter sensor (Biox 3700,
Ohmeda, Boulder, CO, USA) was placed on the pad of
the middle digit of the foot. Tourniquets were slowly
inflated, and the cuff pressure and oximeter tracing
were recorded.

Observations: AOP was lower with the curved
tourniquet than with the straight tourniquet on thighs.
The mean AOP difference between the two tourniquets
was 25 mmHg measured by the Doppler technique (D-
AOP) and 22 mmHg lower using the oximeter
technique (O-AOP). Mean D-AOP was 5.9 mmHg
higher than mean O-AOP, with close correlation
between the two measurement techniques using either
cuff design. AOP correlated positively with thigh
circumference using both the curved and straight
tourniquets. In these volunteers, the mean systolic
blood pressure was 126 (108-158) mmHg, and mean
thigh circumference was 50 (44-61) cm.

Volunteer studies—comparison of straight and
curved cuffs on arms, and of 8 and 12 cm wide curved
cuffs on thighs: In twelve subjects, 8-cm-wide straight
and curved cuffs were applied to the left upper arm, and
8-cm-wide curved and 12-cm-wide curved cuffs
(radius of curvature 132 cm) were applied to the left
thigh in random order. A photoplethysmograph (PPG)
sensor (PPG-13, Vasculab, Mountain View, CA, USA)

was applied to the pad of the left middle finger or toe,
and the PPG output was displayed on an oscilloscope.
Tourniquets were inflated to a pressure high enough to
occlude puisatile flow using a calibrated tourniquet
inflator with a digital pressure display (ATS 1000,
Zimmer Aspen Labs, Aspen CO, USA). Cuff pressure
was slowly decreased until pulsatile flow resumed, and
the AOP (mean of three determinations) was defined as
the cuff pressure at which pulsatile flow resumed.

Observations: In the upper extremities, mean AOP
was 4.3 mmHg lower with the curved than with the
straight tourniquet. In the lower extremities, mean
AOP was 8.6 mmHg lower with the 12-cm-wide than
with the 8-cm-wide cuff. In these subjects, mean
systolic blood pressure was 126 (100-154) mmHg,
mean upper arm circumference was 28 (23-33) cm,
and mean thigh circumference was 53 (45-59) cm.

Patient studies: Patients scheduled to undergo
extremity procedures at the Veterans Administration
Medical Center, San Diego volunteered for the study.
Eight cm wide straight cuffs (15 cases) or 8-cm-wide
curved cuffs (14 cases) were used in upper extremity
cases. Eight cm wide straight cuffs (11 cases), 8-cm-
wide curved cuffs (10 cases), or 12-cm-wide curved
cuffs (10 cases) were used in lower extremity cases. A
tourniquet was chosen at random, and after induction
of anesthesia, AOP was determined using the PPG
technique described above. The cuff was deflated and
the PPG sensor removed. Limb exsanguination was
performed according to the preference of the operating
surgeon. The tourniquet inflation pressure was set at
the AOP plus 50 mmHg. If the surgeon reported poor
hemostasis, tourniquet pressure was increased in
increments of 25 mmHg until adequate hemostasis was
achieved. Surgeons were asked to subjectively rate the
quality of hemostasis.

Observations: The mean tourniquet pressure used to
induce surgical hemostasis was 184 (145-270) mmHg
in the upper extremity cases, and 208 (160-280)
mmHg in the lower extremities (Table 6). Half of the
patiehts with fair or poor hemostasis had increased
systolic blood pressure after the initial determination of
the AOP.
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Table 6. Clinical tourniquet studies, mean, SD, (range)

Upper extremities Lower extremities
8-cm-wide 8-cm-wide 8-cm-wide 8-cm-wide 12-cm-wide
straight cuff curved cuff straight cuff curved cuff curved cuff
No of patients 15 14 ] 10 10
Limb Right 7 12 5 8 5
Left 8 2 6 2 5
Age 53 18 55 18 39 17 45 13 46 19
(years) (23-77) (28-74) (23-74) (29-65) (28-79)
Limb circumference 29 3 31 3 54 4 51 6 56 7
{cm) (22-34) {25-35) {44—60) (42-82) (47-70)
Systolic blood 128 22 129 14 129 .28 121 20 118 14
pressure (mmHg) {100-180) {113-165) {90-170) {100-165) (95-140)
Arterial occlusion 132 32 130 24 149 - 38 142 22 142 36
pressure (mmHg) (95-220) {90-175) {100-200) {116-175) (90~200)
Cuff pressure used 182 32 186 20 218 38 208 33 197 37
for case (mmHg) {145~-270) (155-225) {166-280) (175-275) (160-275)
Tourniquet time 110 63 73 37 58 31 86 38 58 29
(minutes) (4-251) (24-120) (13-114) (26—135) (24-105)
Rating
Excelient 12 8 6 8 7
Good 1 1 2 0 1
Fair 1 2 1 2 1
Poor 1 1 1 0 0
Not Reported 0 2 1 0 1
Anesthesia
General 4 3 8 4 3
Spinal 0 0 2 4 6
Epidural 0 0 0 1 0
Regional 8 6 0 0 o]
Local 2 3 1 0 0
Unknown 1 2 0 1 1
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Discussion

The bloodless field is an integral part of limb surgery.
However, routine use of pneumatic tourniquets, with
commonly accepted pressures and durations, may
cause neuromuscular injury which could interfere with
post-operative rehabilitation. Few data are available
regarding pressure and time thresholds for muscle and
nerve injury beneath the tourniquet. This paucity of
information relates, in part, to difficulties performing
controlled studies of tourniquet compression on
conically-shaped animal limbs.

Tourniquet models

Tourniquet compression studies are difficult to perform
on the limbs of small animals. Animal limbs are not
cylindrical in shape; they are generally conical in the
sagittal plane and oblong in the transverse plane. Since
standard (ie., rectangular) tourniquets fit poorly on
such limbs (Dobner, discussion following Gersoff et al.
1989), previous investigators have applied very high
cuff pressures to assure distal ischemia (Lundborg
1970, Enger 1977). A prerequisite for adequate
experimental study of neuromuscular injury beneath
the pneumatic tourniquet is the development of a well-
controlled, clinically relevant, and reasonably
convenient animal model.

A curved tourniquet was designed specifically to fit
the conically-shaped rabbit hindlimb. A “stellate”
pattern, with marked, asymmetrical skin ridging, was
observed beneath the inflated tourniquet on cross-
sectional images, and a similar pattern was observed in
a human thigh compressed by a tourniquet. This
pattern may relate to the anatomy of underlying tissues,
for example osseofascial compartmental anatomy, or to
the materials and designs of these specific tourniquets.
Such changes have not been described previously, and
previous theoretical models (Griffiths and Heywood
1973, Auerbach 1984, Hodgson 1987, Rydevik et al.
1989) do not predict such asymmetrical tissue
deformation beneath the tourniquet. These models
should be tested with analyses of in-vivo and in-vitro
displacement patterns. The pathophysiologic signif-
icance of such deformation, and potential implications
regarding tourniquet design, are not known.

The rabbit thigh deformed in the transverse plane
from an initially oblong shape to a more circular shape
during inflation of a curved tourniquet. Addition of a
stiff exterior shell produced a more normal cross-
sectional configuration. The shell also minimized distal
migration of the tourniquet during inflation, thereby
controlling the zone of tissue compression. The curved
tourniquet and stiff exterior shell were associated with
the lowest AOP compared to the straight cuff and no-
shell configurations. This finding may relate either to
more uniform and efficient transmission of cuff
pressure to the deeper tissues of the thigh, or to an
essentially wider tourniquet (ie., larger contact areca)
with the constrained, curved cuff. Mean AOP for this
configuration (67 mmHg) was approximately 10
mmHg lower than the mean systolic blood pressure in
these rabbits. Previous human studies demonstrated
that sub- systolic inflation pressures occluded distal
blood flow when a wide cuff was used (Moore et al.
1987, Crenshaw et al. 1988).

The magnitude and distribution of tissue pressures
beneath the curved cuff and stiff exterior shell were
similar to those in human cadaver studies of tourniquet
compression (Hargens et al. 1987, Crenshaw et al.
1988). Tissue pressures were maximal under the mid-
position of the inflated cuff, and were lower in the deep
tissues than in the superficial tissues of the thigh. The
greatest rate of change of tissue pressure was observed
at the proximal and distal edges of the tourniquet,
which is consistent with experimental observations of
an edge effect at the margins of compression (Bentley
and Schlapp 1943, Lundborg 1970, Ochoa et al. 1972,
Rydevik and Lundborg 1977). Mathematical models
(Griffiths and Heywood 1973, Auerbach 1984,
Hodgson 1987, Rydevik et al. 1989) predict that shear
stress concentration, largest pressure gradients, and
maximal tissue deformation occur beneath the
tourniquet edges (Lundborg 1989). Little information
is available regarding cellular and sub-cellular
pathomechanics during tourniquet compression.

Relatively efficient pressure transmission from the
cuff to the underlying tissues was observed, in
accordance with previous studies of toumniquet
compression in dog and human limbs (Shaw and
Murray 1982, McLaren and Rorabeck 1985, Hargens et
al. 1987, Crenshaw et al. 1988). However, others
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describe inefficient transmission of pressure beneath an
inflated tourniquet (Lundborg 1970, Mikitie and
Terdviinen 1977, Nitz et al. 1986). This discrepancy
may reflect difficulties positioning a pressure-
measuring device in small animal hindlimbs, or may
reflect specific pressure catheter techniques. In the
present study, mean deep tissue pressures under the
center of the cuff were 80 mmHg measured with a Slit
catheter and 256 mmHg using a transducer- tipped
catheter. This difference was probably due to
obliteration of a closed fluid space in the loose areolar
connective tissues; such changes would decrease the
accuracy of pressure recordings using a non-infusion
Slit catheter. Intramuscular pressure measurements
correlated closely using Slit and transducer-tipped
catheters in a closed compartment of a pig hindlimb
compressed by a tourniquet (Pedowitz et al. 1990).

99mTechnetium pyrophosphate uptake

Radiolabelled pyrophosphate incorporation is used for
clinical and experimental assessment of cardiac and
skeletal muscle injury (Siegel et al. 1975, Buja et al.
1977, Simpson 1977, Silberstein and Bove 1979, Brill
1981, Hargens et al. 1981, Matin et al. 1983, Valk 1984,
Yip et al. 1988). Sensitivity of the technique peaks
approximately two days after tissue injury (Buja et al.
1975, Hargens et al. 1981, Labbe et al. 1988). The
degree of Tc-99 uptake correlates with the severity of
histologic abnormality (Hargens et al. 1981) and
cellular enzymatic dysfunction (Labbe et al. 1988). Tc-
99 uptake correlates with increased subcellular calcium
stores following tissue injury (Dewanjee and Kahn
1976, Wrogemann and Pena 1976, Buja et al. 1977,
Oberc and Engel 1977, Farber et al. 1981). Increased
uptake may also reflect altered capillary permeability,
hyperemia, or affinity of Tc-99 for soft tissue iron
deposits, tissue hormone receptors, immature collagen,
or soluble denatured macromolecules (Dewanjee and
Kahn 1976, see Brill 1981 for review).

An advantage of the Tc-99 method is that the density
of radiopharmaceutical incorporation is determined for
a relatively large volume of tissue. Other methods, for
example electron microscopy (Patterson and
Klenerman 1979) may be particularly influenced by the
sampling technique. However, several limitations of
the Tc-99 method should be noted. Lack of local
perfusion (ie., no-reflow) could result in low Tc-99
uptake in severely injured tissue. In addition, this
method is not suitable for assessment of chronic injury
patterns. Also, a specific relationship between tissue
uptake ratio and functional deficit has not been

determined. However, the measured Tc-99 ratios
provide a quantitative, relative index of skeletal muscle
injury which facilitates comparisons between various
experimental protocols.

Increased Tc-99 uptake is reported to be limited to
regions of severe tissue injury and necrosis (Buja et al.
1977, Hargens et al. 1981). In the present studies, Tc-99
uptake ratios were increased in all experimental
groups, even though histologic evidence of severe
tissue injury and necrosis were not observed after the
shorter duration and lower pressure protocols.
Therefore, the Tc-99 technique may be sensitive to less
severe forms of tissue injury than have been recognized
previously. In addition, Lieber and co- workers (1990)
demonstrated approximately 70 percent reduction of
peak isometric force generation in rabbit tibialis-
anterior muscle two days after two hours of tourniquet
ischemia (mean Tc-99 uptake ratio of 1.70 in the
present studies). Electron microscopic studies are
needed to determine the anatomic basis for such
marked, and clinically relevant, functional
abnormalities following two hours of ischemia.

Pressure and time thresholds for muscie
injury ‘

Previous studies of muscle injury beneath the
tourniquet examined various tourniquet durations with
a given cuff pressure (Patterson and Klenerman 1979,
Patterson et al. 1981) or various cuff pressures with a
given tourniquet duration (Gersoff et al. 1989). The
present study examined effects of both variables upon
skeletal muscle injury beneath and distal to a tourniquet
using controlled and quantitative techniques.

There were no differences in Tc-99 uptake between
thigh and leg regions following one hour of tourniquet
application. Thigh uptake was greater than leg uptake
after two hours of compression at 200 or 350 mmHg
and after four hours of tourniquet inflation with all cuff
pressures. Regional muscle necrosis was observed in
thigh muscles following two hours of 350 mmHg
compression, while regional necrosis was not observed
after two hours of 125 mmHg tourniquet application.
Taken together, these findings suggest that two hours
may be a time threshold for skeletal muscle injury
induced by tourniquet compression at clinically
relevant cuff inflation pressures. It should be noted,
however, that muscle necrosis would probably be
induced by a very high cuff pressure applied for shorter
durations.

Pale tissue was observed within a rim of intense blue
staining on gross cross- section of some thigh muscles
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subjected to four hours of compression. Such lack of
staining probably reflects a region of no-reflow (Strock
and Majno 1969) following extended tourniquet
compression (see below). Since uptake of Tc-99 is
dependent upon tissue perfusion, these areas may have
low focal uptake. However, regional uptake was
always markedly increased in these animals, since the
samples also included regions of blue muscle (ie.,
perfused and abnormal tissue).

Effects of reperfusion intervals

Methods for safe, extended tourniquet hemostasis are
of great importance as the complexity and duration of
reconstructive and microsurgical extremity procedures
increase. Previous investigators recommend inter-
mittent reperfusion (ie., re-breathing) intervals to
permit extended tourniquet application (Bruner 1951,
Bunnell 1956, Wilgis 1971, Chiu et al. 1976,
Heppenstall et al. 1979, Newman 1984, Sapega et al.
1985). Wilgis (1971) suggested that reperfusion
duration should reflect the period of preceding
ischemia, for example ten and fifteen minutes
following sixty and ninety minutes of tourniquet
inflation, respectively. To date, there are no specific
studies of effects of reperfusion intervals upon muscle
injury beneath the tourniquet.

Chiu et al. (1976) found no increase in systemic
creatine phosphokinase (CPK) when three hours of
tourniquet inflation was interrupted by hourly, fifteen
minute reperfusion intervals. Heppenstall et al. (1979)
reported similar findings using hourly, ten minute
reperfusion intervals. Sapega et al. (1985) found no
difference in CPK elevation or intracellular metabolic
recovery between five and fifteen minute reperfusion
intervals with a three hour tourniquet time in dogs.
However, Newman (1984) observed greater
derangement and slower recovery of metabolic
parameters with hourly, five minute reperfusion
intervals compared to hourly, ten minute reperfusion
intervals in rats. Ten minute reperfusion intervals were
chosen for the present study based upon these animal
studies and previous clinical recommendations (Bruner
1951, Bunnell 1956, Sanders 1973).

In the thigh muscle of the four hour, reperfusion
study, Tc-99 uptake was affected by both cuff inflation
pressure and reperfusion; the two variables were not
independent. This interaction may relate either to lack
of effects of reperfusion using 350 mmHg cuff
pressure, or to lack of differences in regional uptake
between 125 mmHg and 350 mmHg tourniquet groups
following four hours of continuous inflation, In other

words, a high tourniquet pressure may counteract the
beneficial effects of reperfusion intervals, and/or,
continuous compression for an extended duration may
counteract the beneficial effects of a low cuff pressure.

With 125 mmHg pressure, uptake in the thigh was
decreased by ten minutes of reperfusion after either one
or two hours. However, with a 350 mmHg tourniquet,
reperfusion after two hours tended to increase the
uptake, while reperfusion at hourly intervals tended to
decrease muscle injury. In addition, marked variation
of uptake ratios was observed in the 125 mmHg
tourniquet, one reperfusion interval group. Thus, two
hours may be a time threshold for beneficial or harmful
effects of reperfusion intervals, which is consistent
with a two hour threshold for continuous tourniquet
compression injury.

Ten minutes of reperfusion after one hour of 350
mmHg tourniquet application showed no difference
between thigh and leg regional uptake. It should be
noted that uptake in the leg was somewhat higher with
reperfusion after one hour compared to two hours of
continuous tourniquet application. The pathologic and
functional implications of this small difference is
unknown.

In the four-hour tourniquet studies, the reperfusion
protocol did not have any effect upon uptake in the leg
distal to the cuff. However, uptake in the leg was
affected by the tourniquet pressure. Effects of cuff
pressure upon distal uptake were not observed in
studies of continuous compression. Release of
metabolic byproducts, activation of polymorpho-
nuclear leukocytes, or partial proximal vascular
occlusion could affect distal muscle injury in the
setting of reperfusion intervals (see below).

Clinical considerations: The data suggest that if two
or more hours of tourniquet hemostasis are needed,
compression injury may be decreased by reperfusion at
hourly intervals. Hourly reperfusion would also allow
for extended hemostasis if it became desirable during
the surgical procedure. Reperfusion after a longer
initial period of cuff inflation (ie., two hours) could
exacerbate skeletal muscle injury with subsequent
tourniquet compression.

However, reperfusion intervals could prolong
anesthesia time, increase blood loss, or cause
hemorrhagic staining and edema (Sapega et al. 1985),
which could interfere with microsurgical repair or
wound closure. Critica)l levels of venous pH and pO2
for hypocoagulability (Rutherford et al. 1966) and
increased capillary permeability (Hendley and Schiller
1954, Webb 1965), respectively, are reached within 60
to 90 minutes of limb ischemia (Dery et al. 1965,
Wilgis 1971, Larsson et al. 1977). Reactive hyperemia
of muscle and skin occurs after two hours of tourniquet
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ischemia (Kennedy et al. 1981). Thus, hourly
reperfusion could actually minimize blood loss and
edema formation compared to less frequent reperfusion
intervals,

Enzyme- and immuno-histochemical
analysis

Inter-individual variability was observed in the severity
of histologic abnormalities, and similar variability was
noted in some cases using the Tc-99 technique. These
findings probably reflect basic pathogenic mechanisms
of tourniquet-induced muscle injury (see below). In
some specimens, gross fiber necrosis and cellular
infiltration were observed in close proximity to
relatively normal tissue. Thus, careful sampling criteria
should be employed for ultrastructural analyses of
tourniquet compression injury.

Regional necrosis was observed in four of ten thigh
muscle samples following 350 mmHg compression,
and was not seen in any muscle samples after 125
mmHg tourniquet application. A striking topographic
pattern was observed in samples with regional fiber
necrosis. To our knowledge, similar patterns have not
been described previously. Necrosis tended to
predominate at the center of fascicles or at the
intersection of several fascicles, with relatively normal
fibers at the periphery of these areas. Since topographic
necrosis was limited to the compressed muscle of the
higher tourniquet pressure group, mechanical and
physiologic factors probably interact in the production
of tourniquet compression injury.

The topographic injury pattern probably relates to
the vascular arrangement of skeletal muscle. Myrhage
(1977) studied the vascular anatomy of cat skeletal
muscle, and described “secondary” arteries which run
parallel to the muscles fibers and are approximately
one to two mm apart. These arteries represent a basic
unit of vascular supply for approximately a one mm2
cross-sectional area of muscle tissue. Roughly similar
distances and areas of regional necrosis were observed
in the present study. Topographic necrosis could relate
either to persistent ischemia due to “no-reflow” (Strock
and Majno 1969) in these regions, andfor to
reperfusion-mediated damage related to local vascular
dysfunction. These mechanisms will be discussed in
further detail below.

Alternatively, topographic necrosis could reflect
uneven distribution of mechanical forces within the
compressed tissue, resulting in local pressure-related
fiber damage. Such a pattern could reflect the
connective tissue composition and distribution of a

particular muscle, with “protective effects” provided in
certain fascicles. However, there was no macroscopic
or microscopic evidence to support this hypothesis.

Obviously large and rounded fibers were observed in
some of the compressed thigh muscles. These fibers
were histochemically identified as Type IIB,
corresponding to fast glycolytic fibers (FG) in
functional classification schemes (Mastaglia and
Walton 1982). Selectively damaged FG fibers have
been observed after tourniquet ischemia (Caizzo et al.
1990, Jennische 1985) and following eccentric exercise
(Lieber and Fridén 1988). Clinical abnormalities of gait
and quadriceps muscle function were consistent with
selective loss of Type IIB fibers after tourniquet-aided
knee arthrotomy (Krebs 1989). The large, Type IIB
fibers observed in the present study may reflect
differential sensitivity of muscle fiber types to
tourniquet compression, or may represent a com-
pounding effect of their selective vulnerability to
ischemia. Detailed histomorphometric findings will be
presented separately (Fridén et al. 1991).

Implications regarding previous studies

Serum CPK abnormalities have been used to study time
limits for distal muscle ischemia, using tourniquet
pressures of 300 or 350 mmHg in dogs (Chiu et al.
1976, Heppenstall et al. 1979, Sapega et al. 1985). One
hour of tourniquet application did not cause abnormal
CPK levels, while two hours did. In the present study,
there was no difference in leg regional Tc-99 uptake
between one and two hours of continuous ischemia.
However, thigh uptake differences were observed
between one and two hours of continuous compression
with a 350 mmHg tourniquet. In addition, patterns of
CPK changes after tourniquet application with
reperfusion intervals (Chiu et al. 1976, Heppenstall et
al. 1979, Sapega et al. 1985) are similar to patterns of
Tc-99 uptake in compressed thigh muscle in the present
study. Appropriate consideration should be given to
time limits for muscle ischemia which were based upon
serum CPK changes after tourniquet compression.
Others have examined systemic effects of hindlimb
ischemia induced by tourniquet application (Klausner
et al. 1988, Klausner et al. 1989a,b, Paterson et al.
1989). Klausner et al. (1988) noted pulmonary
leukosequestration and increased pulmonary vascular
permeability following two hours of bilateral, 300
mmHg tourniquet application in sheep. Paterson et al.
(1989) demonstrated that four hours of bilateral arterial
tourniquet application in rats (tourniquet pressure not
specified) was associated with elevated plasma levels
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Figure 11. Interactive mechanisms influence tourniquet-induced neuromuscular injury.

of thromboxane B2 and a marked oxidative burst of
neutrophils. However, Thome et al. (1989) observed
leukosequestration in the lung and liver following two
minutes of mechanically-induced soft-tissue trauma of
pig hindlimbs. In view of the findings of the present
investigation, studies of systemic effects of limb
ischemia should address the potentially confounding
effects of injury caused by compression beneath the
tourniquet.

Mechanisms of tourniquet-induced muscle
injury

Observed patterns of muscle injury induced by
tourniquet compression and ischemia probably reflect
basic pathogenic mechanisms (Barie and Mullins
1988). Interrelations of pressure and time are reported
for injury of peripheral nerves (Lundborg 1970,
Rydevik 1979, Rorabeck 1980, Nitz and Dobner 1986,
Dahlin et al. 1986, Nitz et al. 1989) and spinal nerve
roots (Olmarker et al. 1989, Pedowitz et al. 1992b).
Various biochemical, biomechanical, microvascular,
and cellular factors probably determine thresholds for
tissue compression injury (Figure 11).

The tourniquet causes decreased blood flow in
tissues beneath (Dahn 1967) and distal to the cuff
(Klenerman and Crawley 1977, Santavirta et al. 1978).
A small amount of residual blood flow may be carried

by intramedullary vessels (Furlow 1971), however
such blood flow is inadequate to maintain aerobic
metabolism (Klenerman and Crawley 1977). Reactive
hyperemia and arterial vasodilatation follow brief
periods of tissue ischemia (Romanus 1977, Larsson
and Lewis 1978, Santavirta et al. 1978, Kennedy et al.
1981, Klenerman et al. 1982, Barie and Mullins 1988,
Authier 1988). Tissue edema follows reperfusion after
thirty minutes to four hours of skeletal muscle ischemia
(Paletta et al. 1960, Strock and Majno 1969, Miller et
al. 1979, Klenerman et al. 1982, Korthius et al. 1985,
Silver et al. 1986, Suval et al. 1987, Dreyfuss and
Smith 1988, Gidlof 1988, Soussi 1989). Edema
formation may interfere with postischemic tissue
nutrition (Lundborg 1970, Rydevik and Lundborg
1977, Olmarker et al. 1989).

Metabolic changes are well-described for tissues
subjected to tourniquet ischemia (Dery et al. 1965,
Solonen et al. 1968, Wilgis 1971, Haljamée and Enger
1975, Enger 1977, Jennische et al. 1978, Larsson and
Bergstrém 1978, Miller et al. 1978, Modig et al. 1978,
Santavirta et al. 1978, Heppenstall et al. 1979, Miller et
al. 1979, Klenerman et al. 1980, Rorabeck 1980,
Jennische et al. 1982, Nakahara 1984, Newman 1984,
Cotellessa et al. 1984, Hagberg et al. 1985, Sapega et
al. 1985, Heppenstall et al. 1986, Patel et al. 1987,
Benzon et al. 1988, Soussi 1989). Levels of oxygen,
phosphocreatine, glycogen, and ATP decrease, while
the concentrations of lactate, carbon dioxide, and other
metabolic by-products increase as metabolism shifts to
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predominantly anaerobic pathways. Intracellular pH
and tissue pO, are decreased within 30 minutes of
skeletal muscle ischemia, and critical levels of high
energy phosphates (ie., phosphocreatine depletion) are
reached after approximately three hours of ischemia
(Newman 1984, Sapega et al. 1985). Limb tem-
peratures decrease during tourniquet ischemia
(Solonen and Hjelt 1968, Lundborg 1970, Swanson et
al. 1991), with associated slowing of cellular metabolic
processes (Solonen and Hjelt 1968).

The rate and degree of metabolic recovery after
tourniquet release depend upon the duration of
preceding ischemia (Wilgis 1971, Heppenstall et al.
1979, Newman 1984, Sapega et al. 1985). Cellular
metabolic recovery in skeletal muscle occurs in 5-10
minutes after one hour of ischemia, 5-20 minutes after
two hours of ischemia, 10-60 minutes after three hours
of ischemia, and may be incomplete following four
hours of tourniquet ischemia (Enger 1977, Newman
1984, Sapega et al. 1985, Heppenstall et al. 1986,
Soussi 1989). The ischemic sensitivity of skeletal
muscle is related to vascular supply (Folkow and
Halicka 1967, Gray and Renkin 1978) and fiber type
composition. “Fast” (ie., white) muscles may be more
sensitive than “red” (ie., slow) muscles (Mortimer et al.
1970, Patterson and Klenerman 1979, Gardner et al.
1984). Fast, glycolytic muscle fibers may be
particularly sensitive to temporary ischemia (Jennische
1985, Caizzo et al. 1988, 1990).

Skeletal muscle force production decreases after one
to three hours of continuous ischemia with reperfusion
(Patterson et al. 1981, Gardner et al. 1984, Chervu et al.
1989). Marked isometric force decrement in rat
gastrocnemius muscle (mean 66% of control force)
was observed two weeks after a one hour tourniquet
(Fish et al. 1989). Larger deficits correlated with
increasing ischemic duration up to four hours (Fish et
al. 1989).

Various interventions limit the degree of post-
ischemic tissue injury. Pre-ischemic extremity cooling
decreases tissue edema (Paletta et al. 1960) and
histologic abnormalities (Swanson et al. 1991), im-
proves muscle reperfusion (Nakahara 1984), and limits
serum myoglobin changes (Ikemoto et al. 1988),
perhaps by decreasing tissue metabolic demand (Bruner
1970). Heparin decreased edema (Paletta et al. 1960)
and skeletal muscle necrosis (Wright et al. 1988) after
ischemia with reperfusion. Regional methyl-
prednisolone administration decreased metabolic
abnormalities induced by proximal tourniquet appli-
cation in dogs (Goto et al. 1988). Other pharmacologic
substances, such as allopurinol, catalase, and super-
oxide dismutase, may limit pathogenic events during
tissue reperfusion (Korthius et al. 1985, Lee et al. 1987).

Heppenstall et al. (1986) found that metabolic
derangement was more severe in skeletal muscle
subjected to compartment syndrome compared to
ischemia distal to a tourniquet. Synergistic effects
(Heppenstall et al. 1986) of compression and ischemia
upon cellular deterioration seem relevant to tourniquet
compression injury, although the mechanisms of such
synergism have not been clarified. Energy depletion
results in inability to break actin-myosin bonds, with
tissue rigor, increased stiffness, and perhaps greater
sensitivity to mechanical deformation (Lieber and
Fridén 1988). Ischemia causes membrane dysfunction,
loss of ionic homeostasis, and intracellular calcium
overload (Trump et al. 1980, Farber et al. 1981, Lange
et al. 1984, Van der Vusse et al. 1989). Increased
intracellular calcium activates phospholipases and
proteases; these enzymes may cause sarcolemmal
and/or cytoskeletal damage with associated loss of
structural integrity (Oberc and Engel 1977, Trump et
al. 1980, Hattori and Takahashi 1982, Van der Vusse et
al. 1989). Ischemia and reperfusion-induced cyto-
skeletal degradation may contribute to myocardial
damage when mechanical deformation (cardiac
contraction) occurs after adjacent infarct (Steenbergen
et al. 1987, Van der Vusse et al. 1989).

Functional and structural microvascular abnor-
malities may cause no-reflow or slow-reflow after
tourniquet deflation (Harman 1948, Mikitie 1977,
Jennische and Hansson 1986). Reperfusion impairment
occurs after thirty minutes to six hours of skeletal
muscle ischemta (Strock and Majno 1969, Larsson and
Lewis 1978, Kennedy et al. 1981, Korthius et al. 1985,
Suval et al. 1987, Blebea et al. 1987). Two hours of
tourniquet ischemia induced significantly greater
impairment of reperfusion than one hour of ischemia in
rat tibialis anterior muscle (Gidlof 1988). These
observations correlate with a two hour threshold effect
for tourniquet compression injury. Abnormal micro-
vascular permeability (ie., Evans blue extravasation)
has been observed after graded compression and tissue
reperfusion in skeletal muscles (Pedowitz et al. 1991a,
1992d), peripheral nerves (Lundborg 1970, Rydevik
1979), and spinal nerve roots (Olmarker et al. 1989).
Increased permeability could relate to mechanically-
induced endothelial disruption. Endothelial swelling
(Gidlof 1988, Gidlof et al. 1988), tissue edema (Strock
and Majno 1969), and leukocyte alterations
(Amundson et al. 1980, Bagge et al. 1980, Braide et al.
1984, Schmid-Schonbein 1987) may precipitate
microvascular obstruction.

After extended periods of ischemia, tissue reper-
fusion and rapid influx of molecular oxygen results in
the production of toxic materials, such as superoxide
radicals and hydrogen peroxide (Del Maestro et al.
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1980, Del Maestro et al. 1981, Korthius et al. 1985,
Parks et al. 1983, Parks and Granger 1986, Jarasch et
al. 1986, Soussi 1989, Smith et al. 1989). Free radical
formation may lead to membrane lipid peroxidation,
degradation of glycocalyx, and increased skeletal
muscle vascular permeability (Svingen et al. 1979, Del
Maestro 1981, Freeman and Crapo 1982, Parks et al.
1983, Korthius et al. 1985, Malis and Boneventre 1986,
Lee et al. 1987, Soussi 1989). Superoxides are
produced via enzymatic degradation by xanthine
oxidase within skeletal muscle vascular endothelium
(Korthius et al. 1985). Increased xanthine oxidase
activity (Smith et al. 1989) and increased enzyme
substrates (Soussi 1989) are noted after two hours of
skeletal muscle ischemia.

Neutrophils also contribute to free radical formation
(Harlan 1985, Engler 1987, Belkin et al. 1989), and
neutrophil activation results in nearly a 100-fold
increase in oxygen consumption (Mehta et al. 1988).
Increased levels of activated neutrophils are associated
with higher mortality rate following rat hemorrhagic
shock (Barroso-Aranda and Schmid-Schonbein 1989).
Leukocyte activation may be induced by endothelial
injury and by mechanical shear (Barroso-Aranda and
Schmid-Schonbein 1989). These triggers could be
proportional to the degree of mechanical deformation
(ie., the tourniquet inflation pressure).

Several findings in the present studies suggest that
microvascular phenomena are of particular importance
in the pathogenesis of tourniquet-induced muscle
injury. Scattered fiber necrosis was observed after one
hour of tourniquet compression and after longer
periods of distal ischemia; this could be related to flow
disturbance at the capillary level. Regional necrosis
was noted in muscle compressed for two hours with
350 mmHg cuff pressure. Since cellular infiltration and
tissue calcification were present in the center of these
necrotic regions just two days after compression, these
findings suggest delayed reflow (as opposed no-
reflow) and/or reperfusion-mediated injury in regions
of tissue supplied by “secondary arteries” (Myrhage
1977). Four hours of tourniquet compression was
associated with zones of absent Evans blue
extravasation, which probably reflect persistent,
regional no-reflow phenomenon. Thus, the extent and
distribution of tourniquet-induced muscle fiber
necrosis may reflect various degrees of local and
regional microvascular abnormality related to the
magnitude and duration of tissue compression.

Function and structure of compressed
nerves

Previous investigators noted abnormal toe-spread two
to four weeks after two hour tourniquet application in
rabbits and rats (Lundborg 1970, Nitz et al. 1986). In
the present study, abnormal toe-spread was observed in
limbs with reduced conduction velocity, but with
relatively uniform compound motor action potential
propagation. Dahlin et al. (1989) recently observed in
rabbits greater conduction abnormalities in peroneal
nerve than in tibial nerve compressed with a
miniaturized compression device (200 or 400 mmHg).
These effects may relate to differences in anatomic
location or in the connective tissue composition of the
two nerves (Dahlin et al. 1989). Tourniquet application
on rabbit thighs may particularly effect the common
peroneal nerve, due to the nerve’s superficial course in
the distal thigh. Alternatively, the discrepancy between
toe-spreading and the neurophysiologic findings could
reflect injury of the neuromuscular junction, which was
not specifically assessed in the present study.

Fowler et al. (1972) noted decreased nerve
conduction velocity (NCV) without a fall in muscle
action potential two days after tourniquet application in
baboons, Decreased NCV may be secondary to
changes in myelin impedance or membrane
permeability without loss of axonal continuity (Ochoa
et al. 1972). Nitz et al. (1989) observed intramyelin
cleavage and increased sheath thickness (suggestive of
an intra-myelin edema) after tourniquet compression.

Using the present techniques, NCV reflects function
of the largest and fastest conducting motor fibers
(Fowler et al. 1972). NCV distal to the tourniquet
returned to control values one day after 350 mmHg
tourniquet application, but was still decreased two days
after 1000 mmHg cuff inflation. The etiology of distal
fiber disruption in the 1000 mmHg compression group
is not clear; perhaps it reflects indirect mechanical
deformation, such as stretch, caused by extremely high
cuff inflation pressure.

Normalization of CMAP amplitude against distal
amplitude facilitates relative functional assessments
along a segment of nerve (Gilliatt 1980). The technique
does not reveal non-functioning neuromuscular units
distal to the region of nerve stimulation, for example
deficit at the neuromuscular junction. CMAP
amplitudes were normalized against control values for
corresponding stimulation positions, since CMAP
amplitude decreased with more proximal stimulation in
the non-compressed limb (ie., recording dispersion).
Direct recording of compound nerve action potentials
would allow for specific evaluations of recording
dispersion, sensory nerve dysfunction, and differential
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fiber sensitivity to compression and ischemia; such
techniques were beyond the scope of the present
investigation.

Recovery of action potential propagation was noted
one day after 350 mmHg tourniquet application (Figure
8), although functional (toe spread) and structural (see
below) abnormalities were still detected in these
nerves. In contrast, complete conduction block was
observed in all limbs two days after 1000 mmHg
compression. In these nerves, the greatest deficit was
located beneath the distal cuff margin, which is
consistent with an edge effect at the cuff border.
However, these recordings could also reflect uniform
injury beneath the tourniquet, with rapid return of
function just distal to the compressed region.

Ochoa et al. (1972), using individual teased fiber
preparations, observed paranodal myelin invagination
after 1000 mmHg tourniquet compression of the
medial popliteal nerve of baboons. These often-cited
histologic abnormalities have not been duplicated in
tourniquet compression studies (Gilliatt, personal
communication, 1988). Gross myelin changes were not
observed after 500 mmHg tourniquet application
(Ochoa et al. 1972). This is consistent with the findings
of the present study, where dramatic myelin damage
was observed in nerves compressed by a 1000 mmHg
tourniquet, but few myelin abnormalities were
observed after 350 mmHg tourniquet application.
Thus, myelin invagination is probably not a major
mechanism of nerve injury with clinically relevant
tourniquet pressures and durations.

After two hours of 350 mmHg tourniquet
application, electron microscopy revealed scattered
axonal degeneration in fibers beneath and distal to the
tourniquet. These observations are consistent with
electromyographic evidence of axonal degeneration
and regeneration following routine clinical tourniquet
application (Saunders et al. 1979, Weingarden et al.
1979, Dobner and Nitz 1982, Nitz and Dobner 1989).
Two hours of 300 mmHg and 400 mmHg tourniquet
compression in rats produced an average degeneration
of 15 percent and 45 percent of the myelinated nerve
fibers (Nitz et al. 1989).

Mechanisms of tourniquet-induced nerve
injury

Functional and structural changes are well described
for peripheral nerves subjected to tourniquet ischemia.
Complete conduction block is usually observed within
15-45 minutes of tourniquet inflation (Lundborg 1970,
Caruso et al. 1973, Lundborg et al. 1973, Nielsen and

Kardel 1974, Yates et al. 1981, Hurst et al. 1981,
Rorabeck 1980, Rorabeck and Kennedy 1980,
Lundborg 1989, Chabel et al. 1990). Distal nerve
conduction recovers to baseline values within 2 to 30
minutes following tourniquet times less than two hours
(Lundborg 1970, Nielsen and Kardel 1974, Rorabeck
1980, Hurst et al. 1981). Incomplete functional
recovery follows six to eight hours of proximal
tourniquet application, while no recovery may be
observed after ten hours of continuous nerve ischemia
(Lundborg 1970).

A nerve’s ischemic sensitivity may be affected by the
distribution of its fiber diameters. Smaller and non-
myelinated fibers may be more sensitive to ischemia
(Lundborg 1970, Dahlin et al. 1989), however some
report that ischemic sensitivity is not related to axon
diameter (Mikitie and Terdviinen 1977, Nitz et al.
1989). Differential axonal sensitivity could relate to
variations in the diffusion distance, metabolic demand,
or in the nutritional supply of the various fiber types
(see Lundborg 1970 and 1989 for review).
Degenerative changes in peripheral nerves are
observed after four to six hours of tourniquet ischemia
(Lundborg 1970, Tountas and Bergmann 1977).
Mikitie and Terdvidinen (1977) noted abnormalities of
motor endplates after two hours of tourniquet
application, and suggested that the neuromuscular
Jjunction may be particularly sensitive to ischemia.

Grundfest (1936) studied effects of compression
upon frog sciatic nerve enclosed in a high pressure
container. At extreme pressure conditions (1000
atmospheres) the nerve continued to conduct.
However, uniform tissue compression (ie., deep sea
diving) is not relevant to the situation of local nerve
compression (Gilliatt 1980). Denny-Brown and
Brenner (1944) believed that nerve dysfunction was
related to the degree of local ischemia induced by
compression. Others reported that mechanical
deformation, per se, was most important in the
causation of conduction block (Eckhoff 1931, Bentley
and Schlapp 1943). Rorabeck (1980) noted a three hour
time threshold for incomplete early recovery of nerve
conduction velocity after 500 mmHg tourniquet
compression in dogs. Functional (Nitz and Dobner
1986) and structural (Nitz and Dobner 1989)
abnormalities are observed one to five weeks after one
to three hours of 200 to 400 mmHg tourniquet
application in rats. )

Although myelin invagination is probably not a basic
mechanism of tourniquet- induced nerve injury with
clinically relevant cuff inflation pressures, other
processes may cause structural and functional
abnormalities. Nitz et al. (1989) suggest that tourniquet
compression  causes  increased  microvascular
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permeability and intraneural edema formation, with
persistent tissue ischemia and subsequent nerve
degeneration. This hypothesis is supported by
intraneural microvascular abnormalities and edema
formation induced by acute, graded compression of
peripheral nerves (Rydevik and Lundborg 1977,
Rydevik and Nordborg 1980, Rydevik et al. 1981) and
of spinal nerve roots (Olmarker et al. 1989). Nerve
compression may cause increased endoneurial fluid
pressure, with further compromise of local tissue
nutrition (Lundborg et al. 1975, Lundborg et al. 1983).
Thus, a vicious cycle of compression — edema —
nutritional disturbance — increased edema — etc.,
may be started by the initial nerve insult. Abnormal
axoplasmic transport (Rydevik et al. 1980), cellular
infiltration (Nitz et al. 1989), and intraneural fibrosis
(Lundborg 1970, Rydevik et al. 1976, Rydevik and
Lundborg 1977) may affect chronic injury patterns.

The etiology of edema formation in compression
neuropathy is incompletely understood. Mechanical
deformation may cause direct endothelial disruption
with increased protein permeability (Lundborg 1970,
Rydevik and Lundborg 1977). Mast cells may
contribute to microvascular abnormality, and increased
local mast cell concentration has been observed after
tourniquet compression (Nitz et al. 1989). However,
these cells could aggregate in response to tissue injury
without being responsible for the pathologic event.
Leukocyte-mediated superoxide radical formation
could cause increased permeability after compression
and ischemia.

An edge effect of tissue injury may be secondary to
maximal pressure gradients or shear stress
concentration at the boundaries of applied com-
pression. There was severe myelin deformation
beneath the borders of a 1000 mmHg tourniquet in the
present and previous studies (Ochoa et al. 1972). Using
lower compression pressures (50 to 400 mmHg),
greatest abnormalities of microvascular permeability
were observed at the margins of compression in
peripheral nerves (Rydevik and Lundborg 1977) and
spinal nerve roots (Olmarker et al. 1989). In some cases
in the present study, localized neurophysiologic deficits
occurred near a transversely-oriented neurovascular
bundle or fascial structure. These observations could
reflect focal deformation of the nerve by a stiffer
structure during tourniquet compression. This phenom-
enon could be important when nerves are compressed
by a tourniquet against bone (radial nerve on humerus)

or connective tissue (femoral nerve in the adductor-

canal), or following injury with disturbed Iocal
anatomy (Kurihara and Goto 1990).

Tourniquet sensitivity—nerve versus
muscle

Some investigators report that skeletal muscle is more
sensitive than peripheral nerve (Korthals et al. 1985,
Sapega et al. 1985) while others believe that nerve is
more affected than muscle (Chervu et al. 1989). Others
report that the neuromuscular junction is most sensitive
to ischemia (Thomason and Matzke 1975, Mikitie and
Teréviinen 1977). It is inappropriate to compare nerve
and muscle directly, since these tissues possess unique
functional and structural characteristics. It is of greater
relevance to consider patterns of tissue injury as they
may affect post-operative rehabilitation. Little infor-
mation is available regarding the relative sensitivities
of muscle and nerve to mechanical deformation.

One hour of tourniquet application was associated
with increased Tc-99 uptake in thigh and leg muscles.
Previous studies demonstrate reduction of muscle force
after one hour of tourniquet compression (Gersoff et al.
1989) or ischemia (Fish et al. 1989). Regional necrosis
was observed after two hours of tourniquet
compression. The force capacity of these muscles is
probably greatly reduced, since Lieber et al. (1990)
observed approximately 70 percent reduction of
tibialis-anterior force two days after two hours of
ischemia distal to a tourniquet. Muscle functional
deficits would be particularly important during the
early post-operative period when surgeons emphasize
range of motion and muscle rehabilitation, for example
after arthroscopy or total knee arthroplasty. However,
skeletal muscle has a remarkable regenerative capacity
(Allbrook et al. 1966, Carlson 1978); nearly complete
skeletal muscle regeneration has been noted three
weeks after ischemia-induced fiber necrosis (Jennische
1986).

In certain clinical situations, early neurologic
dysfunction may be more important than skeletal
muscle injury. In the present study, physiologic and
morphologic changes of peripheral nerves were present
two days after tourniquet application. Morphologic
abnormalities were observed six weeks after clinically-
relevant tourniquet application (Nitz et al. 1989).
Electromyographic (EMG) abnormalities persist up to
six months after tourniquet application in humans
(Saunders et al. 1979, Weingarden et al. 1979, Dobner
and Nitz 1989, Nitz and Dobner 1989).

After an upper extremity reconstructive procedure,
nerve compression injury may interfere markedly with
rehabilitation, while biceps or triceps muscle damage
may not be of great clinical significance. In later
periods of recovery, peripheral nerve injury is probably
more important than skeletal muscle injury, due to the
nerve’s limited regenerative capacity (Mikitie and
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Terdviinen 1977, Saunders et al. 1979, Weingarden et
al. 1979, Nachemson 1988, Dobner and Nitz 1989, Nitz
and Dobner 1989, Lundborg 1989). Fortunately,
permanent neurologic injuries are rare with modern
tourniquet techniques (Flatt 1972, Middleton and
Varian 1974).

Clinical implications

For a given patient, the cuff pressure needed to occlude
arterial flow is affected by various factors, including
systolic blood pressure (Van Roeckel and Thurston
1985), limb circumference (Van Roeckel and Thurston
1985, Moore et al. 1987, Crenshaw et al. 1988,
Pedowitz et al. 1992c), limb shape and local anatomy
(Rorabeck and Kennedy 1980), vascular status
(Klenerman and Lewis 1976, Jeyaseelan et al. 1981),
and the width of the applied tourniquet (Muirhead and
Newman 1986, Moore et al. 1987, Crenshaw et al.
1988, Pedowitz et al. 1992c). Cuff design may also
influence the tourniquet pressure needed to induce
surgical hemostasis (Pedowitz et al. 1992c¢).

Increased awareness of the deleterious effects of
tissue compression has resulted in clinical recom-
mendations for use of lower tourniquet inflation pres-
sures (Sanders 1973, Klenerman and Hulands 1979,
Klenerman 1980, Shaw and Murray 1982, Reid et al.
1983, McLaren and Rorabeck 1985, Hargens et al.
1987, Moore et al. 1988, Lundborg 1989, Crenshaw et
al. 1989, Gersoff et al. 1989). The lowest possible cuff
inflation pressure should be facilitated by direct deter-
mination of the arterial occlusion pressure (AOP) for a
given patient and a given tourniquet. To be clinically
useful, these protocols should be quick, reliable,
minimally traumatic, and must produce a surgically
acceptable bloodless field. Dopplers, pulse oximeters,
and photoplethysmographs are used widely for non-
invasive vascular evaluation; these devices differ in
simplicity, sensitivity, and expense (Morris et al. 1989).
The present study was not intended to define or recom-
mend the optimal equipment for clinical application.

AOP measurements should be similar with inflation
of the cuff to the point of no pulsatile flow, or with

deflation of the cuff until flow resumes (Dahn et al.
1967). The tourniquet pressure should be changed
slowly (for example 1 mmHg per second) in order to
minimize errors using either technique. Approximately
15 percent of our cases were rated as having either fair
or peoor hemostasis, although acceptable hemostasis
was achieved quickly by raising the cuff inflation
pressure. Most of the failures of hemostasis were
caused by either too rapid deflation of the cuff during
measurement of AOP (ie., falsely low AOP deter-
mination) or by increased systolic blood pressure due
to surgical stimulation or a change in level of
anesthesia (Kaufman and Walts 1982, Valli and
Rosenberg 1985, Chabel et al. 1990). These problems
could be minimized by adjusting the cuff pressure
according to intraoperative changes in systolic blood
pressure (McEwen and McGraw 1982). Alternatively,
75 mmHg could be added to the AOP (instead of 50
mmHg) to provide a larger buffer during surgery (Reid
et al. 1983).

Curved tourniquets occluded flow at lower pressures
than straight tourniquets of equal width, which was
probably due to better cuff fit and more efficient
pressure transmission on conically-shaped limbs.,
Alternatively, curved cuffs may cause an effectively
wider region of tissue compression, or the observed
differences could relate to variable material com-
position of these particular straight and curved
tourniquets. Wider tourniquets were associated with
lower AOP than narrower tourniquets; previous
investigators report similar findings (Muirhead and
Newman 1986, Moore et al. 1987, Crenshaw et al.
1988).

In the present study, mean cuff pressures of 184 and
208 mmHg were used to induce surgical hemostasis in
upper and lower extremity surgeries, respectively. Such
tourniquet pressures are probably lower than those in
general clinical use. Although tourniquet-induced
neuromuscular injury should be decreased by use of the
lowest possible cuff inflation pressure, careful
prospective studies are needed to examine effects upon
post-operative morbidity and functional recovery, and
to address the cost-benefit implications of institution of
modified clinical protocols.
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Summary

A rabbit model was developed which facilitates
controlled, experimental studies of tissue injury
beneath and distal to a pneumatic tourniquet. Non-
uniform tissue deformation was observed beneath
inflated tourniquets; such patterns were not predicted
by previous mathematical models. Two hours was a
time threshold for tournmiquet compression injury;
depending upon the cuff inflation pressure, greater
muscle injury was induced beneath the tourniquet than
distal to it. A topographic pattern of necrosis was
observed after two hours of tourniquet compression,
which may relate to the microvascular anatomy of
skeletal muscle and to pathogenic events during tissue
reperfusion. With a four hour total tourniquet time,
skeletal muscle injury beneath the cuff was signifi-
cantly decreased by hourly, ten minute reperfusion
intervals. A reperfusion interval after two hours of 350
mmHg cuff inflation tended to exacerbate muscle

injury.
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Physiologic and morphologic nerve abnormalities
were induced by a two hour, 350 mmHg tourniquet.
Axonal degeneration may correlate with EMG changes
after clinical tourniquet application. Paranodal myelin
invagination is probably not an important mechanism
of injury at clinically relevant tourniquet inflation
pressures. Wide cuffs, limb shaped cuffs, and direct
determination of the minimal necessary inflation
pressure facilitated the use of lower tourniquet
pressures in extremity surgery.

In conclusion, tourniquet application, at clinically
relevant cuff inflation pressures and durations, induces
greater neuromuscular injury beneath the tourniquet
than distal to it. Investigators of systemic effects of
limb ischemia should be aware of compression injury
induced by pneumatic tourniquet models. Surgeons
must weigh the advantages of a bloodless field against
the disadvantages of tourniquet-induced neuromus-
cular injury.

This work has been supported by the Orthopaedic
Research and Education Foundation, the National
Institutes of Health (AM-25501 and AR-07484), the
Veterans Administration, the Swedish Medical
Research Council (#3934), Gothenburg University, the
University of Umed, the Institute for Applied
Biotechnology, Gothenburg, the University of
California, San Diego, and by the Zimmer Corporation.



28

Acta Orthop Scand (Suppl 245) 1991; 62

References

Aho K, Sainio K, Kianta M, Varpanen E. Pneumatic
tourniquet paralysis. J Bone Joint Surg (Br) 1983; 65: 441-
443.

Allbrook D, Baker W C, Kirkady-Willis W H. Muscle
regeneration in experimental animals and in man. The
cycle of tissue change that follows trauma in the injured
limb syndrome. J Bone Joint Surg (Br) 1966; 48: 153-169.

Amundson B, Jennische E, Haljamée H. Correlative analysis
of microcirculatory and cellular metabolic events in
skeletal muscle during hemorrhagic shock. Acta Physiol
Scand 1980; 108: 147-158.

Auerbach § M. Axisymmetric finite element analysis of
tourniquet application on limb. J Biomechanics 1984; 17:
861-866.

Authier B. Reactive hyperemia monitored on rat muscle using
perflourocarbons and 19F NMR. Magn Reson Med 1988;
8: 80-83.

Bagge U, Amundson B, Lauritzen C. White cell deformability
and plugging of skeletal muscle capillaries in hemorrhagic
shock. Acta Physiol Scand 1980; 108: 159-163.

Barie P S, Mullins R J. Experimental methods in the
pathogenesis of limb ischemia. J Surg Res 1988; 44: 284-
307.

Barroso-Aranda J, Schmid-Schénbein G W. Transformation
of npeutrophils as indicator of irreversibility in
hemorrhagic shock. Am J Physiol 1989; 257: H846-852.

Belkin M, LaMorte W L, Wright J G, Hobson I R W. The role
of leukocytes in the pathophysiology of skeletal muscle
ischemic injury. J Vasc Surg 1989; 10: 14-9.

Benzon H T, Toleikis R, Meagher L, Shapiro B A, Ts’ao C-h,
Avram M J. Changes in venous blood lactate, venous
blood gases, and somatosensory evoked potentials after
tourniquet application. Anesthesiology 1988; 69: 677-682.

Bentley F H, Schlapp W. The effects of pressure on
conduction in peripheral nerve. J Physiol 1943; 102: 72-
82.

Blebea J, Kerr J C, Shumko J Z, Feinberg R N, Hobson [I R
W. Quantitative histochemical evaluation of skeletal
muscle ischemia and reperfusion injury. J Surg Res 1987,
43:311-321.

Bolton C F, and McFarlane R M. Human pneumatic
tourniquet paralysis. Neurology 1978; 28: 787-793.

Braide M, Amundson B, Chien S, Bagge U. Quantitative
studies on the influence of leukocytes on the vascular
resistance in a skeletal muscle preparation. Microvasc Res
1984; 27: 331-352.

Brill D R. Radionuclide imaging of non-neoplastic soft tissue
disorders. Sem Nuc Med 1981; 11: 277-288.

Bruner J M. Safety factors in the use of the pneumatic
tourniquet for hemostasis in surgery of the hand. J Bone
Joint Surg (Am) 1951; 33: 221-224.

Bruner J M. Time, pressure, and temperature factors in the
safe use of the tourniquet. Hand 1970; 2: 39-42.

Buja L M, Parkey R W, Dees J H, Stokely E M, Harris R A,
Bonte F J, Willerson J T. Morphologic correlates of
technetium-99m stannous pyrophosphate imaging of acute
myocardial infarcts in dogs. Circulation 1975; 52: 596-
607. ’

Buja L M, Tofe A J, Kulkarni P V, Mukherjee A, Parkey R W,
Francis M D, Bonte F J, Willerson J T. Sites and
mechanisms of localization of technetium-99m phos-
phorus radiopharmaceuticals in acute myocardial infarcts
and other tissues. J Clin Invest 1977; 60: 724-740.

Bunnell S. Surgery of the Hand, ed. 3. J B Lippincott Co.,
Philadelphia, Pennsylvania 1956.

Butler-Browne G S, Whalen R G. Myosin isozyme transitions
occurring during the postnatal development of the rat
soleus muscle. Develop Biol 1984; 102: 324-334.

Caizzo V J, Gardner V O, Starr K, Najarian H, Prietto C A.
Fast muscle fibers are more susceptible to ischemia. Trans
Orthop Res Soc 1990; 15: 145.

Caizzo V J, Long S T, Starr K L, Christian C N, Gardner V O,
Prietto C A. Fast muscle fibers are more sucseptible to
ischemic insult: involvement of a calcium-activated
neutral protease (calpain I). FASEB J 1988; 2: a819.

Carlson B M. The regeneration of skeletal muscle - a review.
Am ] Anat 1978; 137: 119- 150.

Caruso G, Labianca O, Ferrannini E. Effect of ischaemia on
sensory potentials of normal subjects of different ages. J
Neurol Neurosurg Psychiat 1973; 36: 455-466.

Chabel C, Russell L C, Lee R. Tourniquet-induced limb
ischemia: A neurophysiologic animal model. Anesthesi-
ology 1990; 72: 1038-1044.

Chervu A, Moore W S, Homsher E, Quinones-Baldrich W J.
Differential recovery of skeletal muscle and peripheral
nerve function after ischemia and reperfusion. J Surg Res
1989; 47: 12-19.

Chiu D, Wang H, Blumenthal M R. Creatine phosphokinase
release as a measure of tourniquet effect on skeletal
muscle. Arch Surg 1976; 111: 71-74.

Cotellessa L, Emery P W, Rennie M J. The effect of ischaemia
on skeletal muscle protein synthesis in the rat. J Physiol
1984; 346: 59P.

Crandall R E, Weeks P M. Multiple nerve dysfunction after
carpal tunnel release. J Hand Surg (Am) 1988; 13: 584-
589.

Crenshaw A G, Hargens A R, Gershuni D H, Rydevik B L.
Wide tourniquet cuffs more effective at lower inflation
pressures. Acta Orthop Scarnd 1988; 59: 447-451.

Cushing H. Pneumatic tourniquets: with especial reference to
their use in craniotomies. Med News 1904; 84: 577-580.

Dahlbick L-O, Rais O. Morphologic changes in striated
muscle following ischemia. Acta Chir Scand 1966; 131:
430-440.



Acta Orthop Scand (Suppl 245) 1991; 62

29

Dahlin L B, Danielson N, Ehira T, Lundborg G, Rydevik B L.
Mechanical effects of compression of peripheral nerves. J
Biomech Eng 1986; 108: 120-122.

Dahlin L. B, Shyu B C, Danieisen N, Andersson S A. Effects
of nerve compression or ischaemia on conduction
properties of myelinated and non-myelinated nerve fibers.
An experimental study in the rabbit common peroneal
nerve. Acta Physiol Scand 1989; 136: 97-105.

Dahn I, Lassen N A, Westling H. Blood flow in human
muscles during external pressure or venous stasis. Clin Sci
1967; 32: 467-473.

Del Maestro R F, Bjork J, Arfors K-E. Increase in
microvascular permeability induced by enzymatically
generated free radicals. In vivo study. Microvasc Res
1981; 22: 239-254,

Del Maestro R F, Bjork J, Arfors K-E. Increase in
microvascular permeability induced by enzymatically
generated free radicals. Role of superoxide anion radical,
hydrogen peroxide, and hydroxy!l radical. Microvasc Res
1981; 22: 255-270.

Del Maestro R F, Thaw H, Bjork J, Planker M, Arfors K-E.
Free radicals as mediators of tissue injury. Acta Physiol
Scand (Suppl) 1980; 492: 43-57.

Denny-Brown D, Brenner C. Paralysis of nerve induced by
direct pressure and by tourniquet. Arch Neurol Psychiat
1944; 51: 1-26.

Dery R, Pelletier J, Jacques A, Clavet M, Houde J. Metabolic
changes induced in the limb during tourniquet ischemia.
Can Anaes Soc J 1965; 12: 367-378.

Dewanjee M K, Kahn P C. Mechanism of localization of
99mTc-labeled pyrophosphate and tetracycline in
infarcted myocardium. J Nuc Med 1976; 17: 639-646.

Dixon W J. BMDP Statistical Software. University of
California Press, Los Angeles, California, 1985.

Dobner J, Nitz A J. Post-meniscectomy tourniquet palsy
and functional sequelae. Am J Sports Med 1982; 10: 211-
214.

Dreyfuss U Y, Smith R J. Sensory changes with prolonged
double-cuff tourniquet time in hand surgery. J Hand Surg
(Am) 1988; 13: 736-740.

Dubowitz V. Muscle biopsy: a practical approach. 2nd ed.
Bailliére Tindall, London, 1985.

Eckhoff N L. Tourniquet paralysis. A plea for the extended
use of the pneumatic tourniquet. Lancet 1931; 2: 343-345.

Enger E A. Cellular metabolic response to regional
hypotension and complete ischemia in surgery. Clinical
and experimental studies. Acta Chir Scand (Suppl) 1977,
481: 1-20.

Engler R: Granulocytes and oxidative injury in myocardial
ischemia and reperfusion. Federation Proc 1987; 46:
2395-2396.

Farber J L., Chien K R, Mittnacht S. The pathogenesis of
irreversible cell injury in ischemia. Am J Pathol 1981;
102: 271-281.

Fish I S, McKee N H, Pynn B R, Kuzon W M, Plyley M J.
Isometric contractile function recovery following
tourniquet ischemia. J Surg Res 1989; 47: 365-370.

Flatt A E. Tourniquet time in hand surgery. Arch Surg 1972;
104: 150-192.

Folkow B, Halicka H D. A comparison between “red” and
“white” muscle with respect to blood supply, capillary
surface area and oxygen uptake during rest and exercise.
Microvasc Res 1968; 1: 1-14.

Fowler T J, Danta G, Gilliatt R W. Recovery of nerve
conduction after a pneumatic tourniquet: observations on
the hind-limb of the baboon. J Neurol Neurosurg Psychiat
1972; 35: 638-647.

Freeman B A, Crapo J D. Biology of disease. Free radicals and
tissue injury. Lab Invest 1982; 47: 412-426.

Fridén J, Pedowitz R A, Thornell L-E. Differential sensitivity
of rabbit skeletal muscle fiber types to pneumatic
tourniquet compression and ischemia. Manuscript, 1991.

Furlow L T. Cause and prevention of tourniquet ooze. Surg
Gynecol Obstet 1971; 132: 1069-1072.

Gardner V O, Caizzo V J, Long S T, Stoffel J, McMaster W C,
Prietto C A. Contractile properties of slow and fast muscle
following tourniquet ischemia. Am J Sports Med 1984; 12:
417-423.

Gersoff W K, Ruwe P, Jokl P, Panjabi M. The effect of
tourniquet pressure on muscle function. Am J Sports Med
1989; 17: 123-127.

Gidlof A. On capillary dysfunction following prolonged
ischemia. Medical Dissertation, Linkoping University,
Sweden, 1988.

Gidlof A, Lewis D H, Hammersen F. The effect of prolonged
total ischemia on the ultrastructure of human skeletal
muscle capillaries. A morphometric analysis. Int J
Microcirc Clin Exp 1988; 7: 67-87.

Gilliatt R W. Acute compression block. In: The Physiology of
Peripheral Nerve Disease (Ed. Sumner A J). W B
Saunders, Philadelphia, Pennsylvania, 1980. Goto H,
Benson K T, Katayama H, Tonooka M, Tilzer L, Arakawa
K. Effect of high- dose methylprednisolone on tourniquet
ischaemia. Can J Anaesth 1988; 35: 484-488.

Gray S D, Renkin E M. Microvascular supply in relation to
fiber metabolic type in mixed skeletal muscle of rabbits.
Microvasc Res 1978; 16: 406-425.

Griffiths J C, Heywood O B. Bio-mechanical aspects of the
tourniquet. The Hand 1973; 5: 113-118.

Grundfest H. Effects of hydrostatic pressure upon the
excitability, the recovery, and the potential sequence of
frog nerve. Cold Spring Harbor Symp Quant Biol 1936; 4:
179- 187.

Hagberg H, Jennische E, Haljamde H. Influence of tissue
lactic acid and ATP levels on postischemic recovery in
rabbit skeletal muscle. Circ Shock 1985; 16: 363-374.

Haljamde H, Enger E. Human skeletal muscle energy
metabolism during and after complete tourniquet
ischemia. Ann Surg 1975; 182: 9-14.

Hargens A R, McClure G, Skyhar M J, Lieber R L, Gershuni
D H, Akeson W H. Local compression patterns beneath
pneumatic tourniquets applied to arms and thighs of
human cadavera. J Orthop Res 1987; 5: 247-252.

Hargens A R, Schmidt D A, Evans K L, Gonsalves M R,
Cologne J B, Garfin S R, Mubarak S J, Hagan P L, Akeson
W H. Quantitation of skeletal-muscle necrosis in a model
compartment syndrome. J Bone Joint Surg (Am) 1981; 63:
631-636.

Harlan J M. Leukocyte-endothelial interactions. Blood 1985;
65: 513-525.



30

Acta Orthop Scand (Suppl 245) 1991; 62

Harman J W. The significance of local vascular phenomenon
in production of ischemic necrosis in skeletal muscle. Am
J Pathol 1948; 24: 625-641.

Harris K, Walker P M, Mickle D A G, Harding R, Gatley R,
Wilson G J, Kuzon B, McKee N, Romaschin A D.
Metabolic response of skeletal muscle to ischemia. Am J
Physiol 1986; 250: H213-220.

Hattori A, Takahashi K. Calcium-induced weakening of
skeletal muscle Z-disks. J Biochem 1982; 92: 381-390.
Hendley E D, Schiller A. Change in capillary permeability
during hypoxemic perfusion of rat hindlegs. Am J Physiol

1954; 179: 216-220.

Heppenstall R B, Balderston R, Goodwin C. Pathophysiologic
effects distal to a tourniquet in the dog. J Trauma 1979; 19:
234-238.

Heppenstall R B, Scott R, Sapega A, Park Y S, Chance B. A
comparative study of the tolerance of skeletal muscle to
ischemia. J Bone Joint Surg (Am) 1986; 68: 820-828.

Hodgson A J. An analytical model for limb loading by
tourniquet. From Butler D L and Torzilli P A (eds). 1987
Biomechanics Symposium ASME, 1987.

Hurst [ N, Weiglein O, Brown W F, Campbell G J. The
pneumatic tourniquet: a biomechanical and electro-
physiologic study. Plast Reconstr Surg 1981; 67: 648-652.

Ikemoto Y, Kobayashi H, Usui M, Ishii S. Changes in serum
myoglobin levels caused by tourniquet ischemia under
normothermic and hypothermic conditions. Clin Orthop
1988; 234: 296-302.

Jarasch E-D, Bruder G, Heid H W. Significance of xanthine
oxidase in capillary endothelial cells. Acta Physiol Scand
(Suppl) 1986; 548: 39-46.

Jennische E. Ischaemia-induced injury in glycogen-depleted
skeletal muscle. Selective vuinerability of FG-fibres. Acta
Physiol Scand 1985; 125: 727-734.

Jennische E. Rapid regeneration in postischaemic skeletal
muscle with undisturbed microcirculation. Acta Physiol
Scand 1986; 128: 409-414.

Jennische E, Enger E, Medegird A, Applegren L, Haljamée
H. Correlation between tissue pH, cellular transmembrane
potentials, and cellular energy metabolism during shock
and during ischemia. Circ Shock 1978; 5: 251-260.

Jennische E, Hagberg H, Haljamie H. Extracellular potassium
concentration and membrane potential in rabbit
gastrocnemius muscle during tourniquet ischemia.
Pflugers Archiv 1982; 392: 335-339.

Jennische E, Hansson H-A. Postischemic skeletal muscle
injury: patterns of injury in relation to adequacy of
reperfusion. Exp Molec Path 1986; 44: 272-280.

Jeyaseelan S, Stevenson T M, Pfitzner J. Tourniquet failure
and arterial calcification. Anaesthesia 1981; 36: 48-50.

Jorgensen H R I. Myoglobin release after tourniquet ischemia.
Acta Orthop Scand 1987; 58: 554-556.

Kaufman R D, Walts L. F. Tourniquet-induced hypertension.
Br J Anaesth 1982; 54: 333- 336.

Kennedy T J, Miller S N, Nellis S H, Buck D, Flaim S F,
Graham W P, Davis T S. Effects of transient ischemia on
nutrient flow and arteriovenous shunting in canine
hindlimb. Arn Surg 1981; 193: 255-263.

Klausner J M, Anner H, Paterson I S, Kobzik L, Valeri C R,
Shepro D, Hechtman H B. Lower torso ischemia-induced
lung injury is leukocyte dependent. Ann Surg 1988; 208:
761-767.

Klausner J M, Paterson I S, Kobzik L, Valeri C R, Shepro D,
Hechtman H B. Leukotrienes but not complement mediate
limb ischemia-induced lung injury. Ann Surg 1989; 209:
462-470.

Klausner J M, Paterson I S, Kobzik L, Valeri C R, Shepro D,
Hechtman H B. Oxygen free radicals mediate ischemia-
induced lung injury. Surgery 1989; 105: 192-199,

Klenerman L. The tourniquet in surgery. J Bone Joint Surg
(Br) 1962; 44: 937-943.

Klenerman L. Tourniquet time - how long? Hand 1980; 12:
231-234.

Klenerman L, Biswas M, Hulands G H, Rhodes A M.
Systemic and local effects of the application of a
tourniquet. J Bone Joint Surg (Br) 1980; 62: 385-388.

Klenerman L, Crawley J. Limb blood flow in the presence of
a tourniquet. Acta Orthop Scand 1977; 48: 291-295.

Klenerman L, Crawley J, Lowe A. Hyperaemia and swelling
of a limb upon release of a tourniquet. Acta Orthop Scand
1982; 53: 209-213.

Klenerman L, Hulands G H. Tourniquet pressure for the lower
limb. J Bone Joint Surg (Br) 1979; 61: 124.

Klenerman L, Lewis J D. Incompressible vessels. Lancet
1976; 1: 811-812.

Korthals J K, Maki T, Gieron M A. Nerve and muscle
vulnerability to ischemia. J Neurol Sci 1985; 71: 283-290.

Korthius R J, Granger D N, Townsley M I, Taylor A E. The
role of oxygen-derived free radicals in ischemia-induced
increases in canine skeletal muscle vascular permeability.
Circ Res 1985; 57: 599-609.

Krebs D E. Isokinetic, electrophysiologic, and clinical
function relationships following tourniquet-aided knee
arthrotomy. Phys Ther 1989; 69: 803-815.

Kurihara K, Goto S. Susceptibility to tourniquet-induced
radial nerve palsy in the presence of previous humeral
fracture. Ann Plast Surg 1990; 24: 346-349.

Labbe R, Lindsay T, Gatley R, Romaschin A, Mickle D,
Wilson G, Houle S, Walker P. Quantitation of
postischemic skeletal muscle necrosis: histochemical and
radioisotope techniques. J Surg Res 1988; 44: 45-53.

Lange L G, Hartman M, Sobel B E. Oxygen at physiologic
concentrations. A potential, paradoxical mediator of
reperfusion injury to mitochondria induced by phosphate.
J Clin Invest 1984; 73: 1046-1052.

Larsen U T, Hommelgaard P. Pneumatic tourniquet paralysis
following regional analgesia. Anaesthesia 1987, 42: 526-
528.

Larsson J, Bergstrém J. Electrolyte changes in muscle tissue
and plasma in tourniquet- ischemia. Acta Chir Scand
1978; 144: 67-73.

Larsson J, Lewis D H. The local hemodynamic effects of
operations in a blood-less field. Eur Surg Res 1978; 10:
24-32.

Larsson J, Lewis D H, Liljedahl S-O, Lofstrom I B. Early
biochemical and hemodynamic changes after operation in
a bloodless field. Eur Surg Res 1977; 9: 311- 320.

Larsen U T, Hommelgaard P. Pneumatic tourniquet paralysis
following intravenous regional analgesia. Anaesthesia
1987; 42: 526-528.

Laurence A S, Norris S H. Serum myoglobin following
tourniquet release under anaesthesia. Eur J Anesth 1988;
5: 143-150.



Acta Orthop Scand (Suppl 245) 1991; 62

31

Lazarides E. Intermediate filaments: a chemically heter-
ogeneous, developmentally regulated class of proteins.
Annu Rev Biochem 1982; 51: 219-250.

Lee K R, Cronenwett J L, Shlafer M, Corpron C, Zelenock G
B. Effect of superoxide dismutase plus catalase on Ca2+
transport in ischemic and reperfused skeletal muscle. J
Surg Res 1987; 42: 24-32.

Lieber R L, Fridén J. Selective damage of fast glycolytic
muscle fibers with eccentric contraction of the rabbit
tibialis anterior. Acta Physiol Scand 1988; 133: 587-588.

Lieber R L, Pedowitz R A, Hargens A R, Gershuni D H.
Contractile properties of tibialis anterior after tourniquet
application to the thigh. Trans Orthop Res Soc 1990; 15:
263.

Love B R T. The tourniquet. Aust NZ J Surg 1978; 48: 66-70.

Lundborg G. Ischemic nerve injury. Scand J Plast Reconst
Surg Suppl 1970; 6: 1-113.

Lundborg G. Nerve Injury and Repair. Churchill Livingstone,
New York, New York, 1989.

Lundborg G. Structure and function of the intraneural
microvessels as related to trauma, edema formation, and
nerve function. J Bone Joint Surg (Am) 1975; 57: 938-948.

Lundborg G, Myers R, Powell H. Nerve compression injury
and increase in endoneurial fluid pressure: A “miniature
compartment syndrome”. J Neurol Neurosurg Psych 1983;
46: 1119-1124.

Lundborg G, Nordborg C, Rydevik B L, Olsson Y. The effect
of ischemia on the permeability of the perineurium to
protein tracers in the rabbit tibial nerve. Acta Neurol
Scand 1973; 49: 287-294.

Mikitie J. Microvasculature of rat striated muscle after
temporary ischemia. Acta Neuropath (Berl) 1977; 37:
247-253,

Mikitie J, Terdvéinen H. Peripheral nerve injury and recovery

after temporary ischemia. Acta Neuropath (Berl.) 1977; -

37: 55-63.

Mikitie J, Terdvdinen H. Ultrastructure of striated muscle of
the rat after temporary ischemia. Acta Neuropath (Berl.)
1977, 37: 237-245.

Malis C D, Boneventre J V. Mechanism of calcium
potentiation of oxygen free radical injury to renal
mitochondria. A model for post-ischemic and toxic
mitochondrial damage. J Biol Chem 1986; 261: 14201-
14208. Mastaglia F L, Walton J. Skeletal muscle
pathology. Churcill Livingstone, Edinburgh, 1982.

Matin P, Lang G, Caretta R, Simon G. Scintigraphic
evaluation of muscle damage following extreme exercise:
concise communication. J Nuclear Med 1983; 24: 308-
311.

McEwen J A, McGraw R W. An adaptive tourniquet for
improved safety in surgery. [EEE Trans Biomed Eng 1982,
29: 122-128. )

McLaren A C, Rorabeck C H. The pressure distribution under
tourniquets. J Bone Joint Surg (Am) 1985; 67: 433-438.

Mehta J L, Nichols W, Mehta P. Neutrophils as potential
participants in acute myocardial ischemia: relevance to
reperfusion. J Am Coll Cardiol 1988; 11: 1309-1316.

Middleton R W D, Varian J P. Tourniquet paralysis. Aust NZ J
Surg 1974; 44: 124-128.

Miller S H, Lung R J, Graham W P, Davis T S, Rusenas I. The
acute effects of tourniquet ischemia on tissue and blood
gas tensions in the primate limb. J Hand Surg 1978; 3: 11-
20.

Miller S H, Price G, Buck D, Neeley I, Kennedy T I, Graham
W P, Davis T S. Effects of tourniquet ischemia and
postischemic edema on muscle metabolism. J Hand Surg
1979; 4: 547-555.

Modig J, Kolstad K, Wigren A. Systemic reactions to
tourniquet ischaemia. Acta Anaesth Scand 1978; 22: 609-
614.

Moldaver J. Tourniquet paralysis syndrome. Arch Surg 1954;
68: 136-144.

Moore M R, Garfin S R, Hargens A R. Wide tourniquets
eliminate blood flow at low inflation pressures. J Hand
Surg (Am) 1987; 12: 1006-1011.

Morris R W, Nairn M, Torda T A. A comparison of fifteen
pulse oximeters. Part I: A clinical comparison; Part II: A
test of performance under conditions of poor perfusion.
Anesth Intens Care 1989; 17: 62-82.

Mortimer J T, Magnusson R, Petersén 1. Conduction velocity
in ischemic muscle: effect on EMG frequency spectrum.
Am J Physiol 1970; 219: 1324-1329.

Muirhead A, Newman R J. A low-pressure tourniquet for
lower limb surgery. Injury 1986; 17: 53-54.

Myrhage R. Microvascular supply of skeletal muscle fibers. A
microangiographic,  histochemical and intravital
microscopic study of hind limb muscles in the rat, rabbit
and cat. Acta Orthop Scand (Suppl} 1977; 168: 1-46.

Nachemson A K. Peripheral nerve regeneration. Experimental
studies on mechanisms regulating axonal growth. Thesis,
Gothenburg University, Sweden, 1988.

Nakahara M. Tourniquet effects on muscle oxygen tension in
dog limbs. Acta Orthop Scand 1984; 55: 576-578.

Neimkin R J, Smith R J. Double toumniquet with linked
mercury manometers for hand surgery. J Hand Surgery
(Am) 1983: 9: 938-941.

Newman R J. Metabolic effects of tourniquet ischaemia
studied by nuclear magnetic resonance spectrosopy. J
Bone Joint Surg (Br) 1984; 66: 434-440.

Nielsen V K, Kardel T. Decremental conduction in normal
human nerves subjected to ischemia? Acta Physiol Scand
1974; 92: 249-262.

Nitz A J, Dobner J. Upper extremity tourniquet effects in
carpal tunnel release. J Hand Surg (Am) 1989; 14: 499-
504.

Nitz A J, Dobner J, Matulionis D H. Pneumatic tourniquet
application and nerve integrity: motor function and
electrophysiology. Exp Neurol 1986; 94: 264-279.

Nitz A J, Dobner J, Matulionis D H. Structural assessment of
rat sciatic nerve following tourniquet compression and
vascular manipulation. Ana: Record 1989; 255: 67-76.

Nitz A J, Matulionis D H. Ultrastructural changes in rat
peripheral nerve following pneumatic toumiquet
compression. J Neurosurg 1982; 57: 660-666.

Oberc M A, Engel W K. Ultrastructural localization of
calcium in normal and abnormal skeletal muscle. Lab
Invest 1977; 36: 566-577.

Ochoa J, Fowler T J, Gilliatt R W. Anatomical changes in
peripheral nerves compressed by a pneumatic tourniquet.
J Anat 1972; 113: 433-455.



32

Acta Orthop Scand (Suppl 245) 1991; 62

Olmarker K, Rydevik B, Holm S. Edema formation in spinal
nerve roots induced by experimental, graded compression.
An experimental study on the pig cauda equina with
special reference to differences in effects between rapid
and slow onset of compression. Spine 1989; 14: 569-573.

Olmarker K, Rydevik B, Holm S, Bagge U. Effects of
experimental, graded compression on blood flow in spinal
nerve roots. A vital microscopic study of the porcine cauda
equina. J Orthop Res 1989; 7: 817-823.

Paletta F X, Willman V, Ship A G. Prolonged tourniquet
ischemia of extremities. An experimental study on dogs. J
Bone Joint Surg (Am) 1960; 42: 945-950.

Parks D A, Bulkley G B, Granger D N. Role of oxygen free
radicals in shock, ischemia, and organ preservation.
Surgery 1983; 94: 428-432.

Parks D A, Granger D N: Xanthine oxidase: Biochemistry,
distribution and physiology. Acta Physiol Scand (Suppl)
1986; 548: 87-99.

Patel A, Choi C-S, Giuffrida J G. Changes in end tidal CO2
and arterial blood gas levels after release of tourniquet.
Southern Med J 1987; 80: 213-216.

Paterson I S, Klausner J M, Goldman G, Kobzik L, Welbourn
R, Valeri C R, Shepro D, Hechtman H B. Thromboxane
mediates the ischemia-induced neutrophil oxidative burst.
Surgery 1989; 106: 224-229.

Patterson S, Klenerman L. The effect of pneumatic
tourniquets on the ultrastructure of skeletal muscle. J Bone
Joint Surg (Br) 1979; 61: 178-183.

Patterson S, Klenerman L., Biswas M, Rhodes A. The effect of
pneumatic tourniquets on skeletal muscle physiology.
Acta Orthop Scand 1981; 52: 171-175.

Pedowitz R A, Rydevik B L, Gershuni D H, Hargens A R. An
animal model for the study of neuromuscular injury
induced beneath and distal to a pneumatic tourniquet. J
Orthop Res 1990; 8: 899-908.

Pedowitz R A, Gershuni D H, Schmidt A H, Fridén J, Rydevik
B L, Hargens A R. Muscle injury induced beneath and
distal to a pneumatic tourniquet: A quantitative study of
effects of tourniquet pressure and duration. J Hand Surg
(Am) 1991a; 16: 610- 621.

Pedowitz R A, Nordborg C, Rosenqvist A-L, Rydevik B L.
Nerve function and structure beneath and distal to a
pneumatic tourniquet applied to rabbit hindlimbs. Scand J
Plast Reconstr Surg Hand Surg 1991b; 25: 109-120.

Pedowitz R A, Fridén J, Thomnell L-E. Skeletal muscle injury
induced by a pneumatic tourniquet: An enzyme- and
immuno-histochemical study in rabbits. J Surg Res, in
press, 1992a.

Pedowitz R A, Garfin S R, Hargens A R, Swenson S R, Myers
R, Massie J B, Rydevik B L. Effects of magnitude and
duration of compression on spinal nerve root conduction.
Spine, in press, 1992b.

Pedowitz R A, Gershuni D H, Botte M J, Kuiper S, Rydevik B
L, Hargens A R. The use of lower tourniquet inflation
pressures in extremity surgery facilitated by curved and
wide tourniquets and an integrated cuff inflation system.
Clin Orthop, in press, 1992c.

Pedowitz R A, Gershuni D H, Fridén J, Garfin S R, Rydevik B
L, Hargens A R. Effects of ten minute re-perfusion
intervals upon muscle injury beneath and distal to a
pneumatic tourniquet. J Hand Surg (Am), in press, 1992d.

Reid H S, Camp R A, Jacob W H. Tourniquet hemostasis. A
clinical study. Clin Orthop 1983; 177: 230-234.

Romanus M. Microcirculatory reactions to local pressure
induced ischemia. Thesis, Gothenburg University,
Sweden, 1977.

Rorabeck C H. Tourniquet-induced nerve ischemia: an
experimental investigation. J Trauma 1980; 20: 280-286.

Rorabeck C H, Kennedy J C. Tourniquet-induced nerve
ischemia complicating knee ligament surgery. Am J Sports
Med 1980; 8: 98-102.

Rudge P. Tourniquet paralysis with prolonged conduction
block. An electro-physiologic study. J Bone Joint Surg
(Br) 1974; 56: 716-720.

Rutherford R B, West R L, Hardaway R M. Coagulation
changes during experimental hemorrhagic shock. Clotting
activity, contribution of splanchnic circulation and
acidosis as controlled by THAM. Ann Surg 1966; 164:
203-214.

Rydevik B. Compression injury of peripheral nerve.
Experimental studies on microcirculation, oedema
formation, axonal transport, fibre structure and function in
nerves subjected to acute, graded compression. Thesis,
Gothenburg University, Sweden, 1979.

Rydevik B L, Lundborg G. Permeability of intraneural
microvessels and perineurium following acute, graded
experimental nerve compression. Scand J Plast Reconstr
Surg 1977; 11: 179-189.

Rydevik B L, Lundborg G, Bagge U. Effects of graded
compression on intraneural blood flow. An in vivo study
on rabbit tibial nerve. J Hand Surg 1981; 6: 3-12.

Rydevik B, Lundborg G, Nordborg C. Intraneural tissue
reactions induced by internal neurolysis. An experimental
study on the blood-nerve barrier, connective tissues and
nerve fibers of the rabbit tibial nerve. Scan J Plast
Reconstr Surg 1976; 10: 3-8.

Rydevik B, Lundborg G, Skalak R. Biomechanics of
peripheral nerves. In: Basic Biomechanics of the
Musculoskeletal System, Second Edition (Ed. Nordin M
and Frankel V H). Lea & Febiger, Philadelphia,
Pennsylvania, 1989.

Rydevik B, McLean W G, Sjostrand J, Lundborg G. Blockage
of axonal transport induced by acute, graded compression
of the rabbit vagus nerve. J Neurol Neurosurg Psychiat
1980; 43: 690-698.

Rydevik B, Nordborg C. Changes in nerve function and nerve
fibre structure induced by acute, graded compression. J
Neurol Neurosurg Psychiat 1980; 43: 1070-1082.

Sanders R. The tourniquet, instrument or weapon? Hand
1973; 5: 119-123.

Sanderson R A, Foley R K, Mclvor G W D, Kirkaldy-Willis
W H. Histologic response on skeletal muscle to ischemia.
Clin Orthop 1975; 113: 27-35.

Santavirta S, Hockerstedt K, Linden H. Pneumatic tourniquet
and limb blood flow. Acta Orthop Scand 1978; 49: 565-
570.

Santavirta S, Hockerstedt K, Niinikoski J. Effect of pneumatic
tourniquet on muscle oxygen tension. Acta Orthop Scand
1978; 49: 415-419.

Sapega A A, Heppenstall B, Chance B, Park Y S, Sokolow D.
Optimizing tourniquet application and release times in
extremity surgery. J Bone Joint Surg (Am) 1985; 67: 303-
314.



Acta Orthop Scand (Suppl 245) 1991; 62

33

Saunders K C, Louis D L, Weingarden S [, Waylonis G W.
Effect of tourniquet time on post-operative quadriceps
function. Clin Orthop 1979; 143: 194-199.

Schmid-Schonbein G W. Capillary plugging by granulocytes
and the no-reflow phenomenon in the microcirculation.
Federation Proc 1987, 46: 2397-2401.

Shaw J A, Murray D G. The relationship between tourniquet
pressure and underlying soft-tissue pressure in the thigh. J
Bone Joint Surg (Am) 1982; 64: 1148-1152.

Shenton D W, Spitzer S A, Mulrennan B M. Tourniquet-
induced rhabdomyolysis. A case report. J Bone Joint Surg
(Am) 1990; 72: 1405-1406.

Sherman O H, Fox ] M, Snyder S J, Del Pizzo W, Friedman M
J, Ferkel R D, Lawley M J. Arthroscopy - “No-problem
surgery”. J Bone Joint Surg 1986; 68: 256-265.

Siegel B A, Engel W K, Derrer E C. 99mTc-diphosphonate
uptake in skeletal muscle: a quantitative index of acute
damage. Newrology 1975; 25: 1055-1058.

Silberstein E B, Bove K E. Visualization of alcohol-induced
rhabdomyolysis: a correlative radiotracer, histochemical,
and electron-microscopic study. J Nuc Med 1979; 20: 127-
129.

Silver R, de la Garza J, Rang M, Koreska J. Limb swelling
after release of a tourniquet. Clin Orthop 1986; 206: 86-
89.

Simpson A J. Localization of *™Tc-pyrophosphate in an
ischemic leg. Clin Nuc Med 1977; 2: 400-403.

Sjostrom M, Neglen P, Fridén J, Eklof B. Human skeletal
muscle metabolism and morphology after temporary
incomplete ischemia. Europ J Clin Invest 1982; 12: 69-79.

Smith J K, Carden D L, Grisham M B, Granger D N, Korthius
R J. Role of iron in postischemic microvascular injury. Am
J Physiol 1989; 256: H1472-H1477.

Sokal R R, Rohlf F J. Biometry. Principles and practice of
statistics in biological research. W.H. Freeman and Co.,
New York, New York, 1981.

Solonen K A, Hjelt L. Morphological changes in striated
muscle during ischaemia. Acta Orthop Scand 1968; 39:
13-19.

Solonen K A, Tarkanen L, Nirvinen S, Gordin R. Metabolic
changes in the upper limb during tourniquet ischaemia. A
clinical study. Acta Orthop Scand 1968; 39: 20-32.

Soussi B. Skeletal muscle bioenergetics during ischemia and
reperfusion. Cellular and molecular aspects. Thesis,
University of Goteborg, Sweden 1989.

Staron R S, Pette D. Correlation between myofibrillar ATPase
activity and myosin heavy chain composition in rabbit
muscle fibers. Histochemistry 1986; 86: 19-23,

Steenbergen C, Hill M L, Jennings R B. Cytoskeletal damage
during myocardial ischemia: changes in vinculin
immunoflourescence staining during total in vitro
ischemia in canine heart. Circ Res 1987; 60: 478-486.

Strock E, Majno G. Vascular responses to experimental tour-
niquet ischemia. Surg Gynec Obster 1969; 129: 309-318.

Strock E, Majno G. Microvascular changes in acutely
ischemic rat muscle. Surg Gynec Obstet 1969; 129: 1213-
1224.

Suval W D, Duran W N, Borlic M P, Hobson I R W,
Berendsen P B, Ritter A B. Microvascular transport and
endothelial cell alterations preceding skeletal muscle
damage in ischemia and reperfusion injury. Am J Surg
1987; 154: 211-218,

Suval W D, Hobson R W, Boric M P, Ritter A B, Durdn W N.
Assessment of ischemia reperfusion injury in skeletal
muscle by macromolecular clearance. J Surg Res 1987; 42:
550-559.

Swanson A B, Livengood L C, Satte! A B. Local hypothermia
to prolong safe tourniquet time. Clin Orthop 1991; 264:
200-208.

Svingen B A, Buege J A, O’Neal O, Aust D S. The mechanism
of NADPH-dependent lipid peroxidation. The propagation
of lipid peroxidation. J Biol Chem 1979; 254: 5892- 5899.

Thomason P R, Matzke H A. Effects of ischemia on the
hindlimb of the rat. Am J Phys Med 1975; 54: 113-131.

Thome J, Blomquist S, Elmér O, Grafstrom G, MAartensson L.
Polymorphonuclear leucocyte sequestration in the lungs
and liver following soft-tissue trauma: an in vivo study. J
Trauma 1989; 29: 451-456.

Tountas C P, Bergman R A. Tourniquet ischemia:
ultrastructural and histochemical observations of ischemic
human muscle and of monkey muscle and nerve. J Hand
Surg 1977; 2: 31-37.

Trump B F, Berezesky I K, Laiho K U, Osornio A R, Mergner
W J, Smith M W: The role of calcium in cell injury. A
review. In: Scanning Electron Microscopy/ll, SEM, Inc.,
AMF O’Hare, Chicago, [llinois, 1980.

Valk P. Muscle localization of tc-99m MDP after exertion.
Clin Nuc Med 1984; 9: 493- 494,

Valli H, Rosenberg P H. Effects of three anaesthesia methods
on haemodynamic responses connected with use of thigh
tourniquet in orthopaedic patients. Acta Anaesthesiol
Scand 1985; 29: 142-147.

Van der Vusse G J, Van Bilsen M, Reneman R S. Is
phospholipid degradation a critical event in ischemia- and
reperfusion-induced damage? NIPS (Am Physiolog Soc)
1989; 4: 49-53.

Van Roeckel H E, Thurston A J. Tourniquet pressure: the
effect of limb circumference and systolic blood pressure, J
Hand Surg (Br) 1985; 10: 142-144.

Webb W R. Biologic Foundations of surgery. Surg Clin North
Am 1965; 45: 267-287.

Weingarden S I, Louis D L, Waylonis G W. Electro-
myographic changes in postmeniscectomy patients. Role
of the pneumatic tourniquet. JAMA 1979; 241: 1248-
1250.

Wilgis E F S. Observations on the effects of tourniquet
ischemia. J Bone Joint Surg (Am) 1971; 53: 1343-1346.
Wright J G, Kerr J C, Valeri R, Hobson R W. Heparin
decreases ischemia-reperfusion injury in isolated canine

gracilis model. Arch Surg 1988; 123: 470-472.

Wrogemann K, Pena S D J. Mitochondrial calcium overload:
a general mechanism for cell-necrosis in muscle diseases.
Lancet 1976: 1i: 672-674.

Yates S K, Hurst L N, Brown W F. The pathogenesis of
pneumatic tourniquet paralysis in man. J Newrol Neuro-
surg Psychiat 1981, 44: 759-767.

Yip T-C K, Houle S, Hayes.G, Forrest I, Walker P M.
Quantitation of skeletal muscle necrosis using Tc-99m
pyrophosphate (PYP) with spect in a canine model. J Nuc
Med 1988; 29: 884.





